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Thanks to the development of science and technology, people are living 
more and more conveniently and comfortably than ever before. Contrary 
to the development of society, environmental problems are becoming more 
and more serious. Atmospheric temperatures continue to rise due to global 
warming, which has been a problem since the 1970s. Greenhouse gases 
(GHG), including carbon dioxide (CO2), nitrous oxide (N2O), methane (CH4), 
and fluorinated gases (F-gases) are responsible for global warming. 
Figure 1.1 shows a pie chart of global emissions by economic sector 
reported by IPCC Working Group III [1-1]. Transportation accounts for 14% 
of 2010 global GHG emissions. GHG emissions from this sector primarily 
involve fossil fuels burned for road, rail, air, and marine transportation. 
Almost all (95%) of the world's transportation energy comes from 
petroleum-based fuels, largely gasoline and diesel. Electricity and heat 
production accounts for 25% of 2010 global GHG emissions. The burning of 
coal, natural gas, and oil for electricity and heat is the largest single source 




Chapter 1.1: Background   | 2 
Figure 1.2 shows the breakdown of sector of the transportation [1-2]. 
70% of 2010 GHG emissions are from cars on the road, and about 13% are 
from airplanes. It is clear from this fact that GHG emissions from gasoline 
vehicles are very large. In other words, replacing gasoline-powered vehicles 
with vehicles that emit less GHG is required for the prevention of global 
warming. Hybrids and pure electric vehicles (EV) are the most effective 
alternatives to gasoline-powered passenger and cargo vehicles.  
Figure 1.3 shows CO2 emissions over the life cycle of gasoline and 
electric vehicles [1-3]. CO2 emissions is calculated based on 1) the 
production of the battery, 2) the production of the car body, and 3) the fuel 
required to produce the gasoline or electricity for the car to run. EVs with 
higher mileage (e.g. shared cars, taxi-like services) can save up to 85 tons 
over their lifetime compared to diesel vehicles. Electric cars outperform 
diesels and petrols in all scenarios, even on carbon intensive grids such as 
Poland, where they are about 30% better than conventional cars.  
Figure 1.4 shows a global electric car stock in 2010-19. A global 
production volume of PHEVs and BEVs in 2019 was about 7 million 
vehicles. However, it accounts for only 7% of overall new car sales 
worldwide. It was estimated that EVs will take a 51% share of the market in 
2030, exceeding the combined share of gasoline and diesel vehicles [1-4]. 
Therefore, the following three things are required to increase the market 
share of electric vehicles. 
 Lower total cost of buying and maintaining an electric vehicle 
 Impact of CO2 emissions regulations 
 Infrastructure development 
The infrastructure facilities for electric vehicles include the development of 
charging stations. The next section describes the charging method for electric 
vehicles. 
 




Fig. 1.1. Global Emissions by Economic Sector in 2010. 
(Adapted from [1-1] IPCC Working Group III, AR5 Climate Change 2014: 
Mitigation of Climate Change.) 
 
Fig. 1.2. Direct GHG emissions of the transport sector in 1970-2010. 
(Adapted from [1-1] IPCC Working Group III, AR5 Climate Change 2014: 
Mitigation of Climate Change.) 
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Fig. 1.3. CO2 emissions over the life cycle of gasoline and electric vehicles 
(Adapted from [1-2] TRANSPORT & ENVIRONMENT, T&E’s analysis of 
electric car life cycle CO₂ emissions.) 
 
 
Fig. 1.4. Global electric car stock in 2010-19. 
(Adapted from [1-3] Energy Technology Policy (ETP) Division of the 
Directorate of Sustainability, Technology and Outlooks (STO) of the 
International Energy Agency (IEA), Global_EV_Outlook_2020) 
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Figure 1.5 shows the classification of charging methods.  It is divided 
into three types: an on-board charger (OBC) with AC power, an off-board 
charger with DC power, and an inductive wireless type with wireless 
charging. The on-board charger is mounted on the vehicle body, it must be 
compact, lightweight and heat resistant. For wireless charging, the AC-DC 
converter at the receiving side is installed in the car.  
Figure 1.6 (a) shows the conventional boost converter topology with power 
factor correction (PFC) as OBC that is very popular configuration for 
unidirectional battery charging [1-5]-[1-7]. A dedicated diode bridge rectifier 
is used to rectify the AC input voltage to DC that is further converted to DC 
followed by boost section. In this topology, the output ripple current, which 
is a difference between diode current and DC output current, is very high. To 
reduce the current ripple, the interleaved boost converter is presented as 
shown in Figure 1.6 (b). It consists of two boost converters in parallel 
operating 180 degrees out of phase. The input current is the sum of the two 


















Power flowPower supply 
voltage to car
 
Fig. 1.5. Categorization of charging methods. 
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other, reducing the current ripple and stress across DC-link capacitor. The 
advantages of interleaved boost converter are parallel-connected switches 
that increase flexibility, switching out of 180 phase which increases the 
effective switch frequency and causes the reduction in filter size with lesser 
ripple content. However, a power ripple with the twice of a grid frequency 
occurs due to the single-phase input and DC output. The power ripple is 
absorbed by the capacitor, which increases the volume of the capacitor. 
Decoupling techniques have been proposed to absorb the power ripple by 
fluctuation of the capacitor voltage [1-8]-[1-10].  
Figure 1.7 shows classical circuit configurations for the off-board charger. 
In the off-board charger, an isolated AC-DC converter is installed outside the 
vehicle body, thus reducing the increase in vehicle volume. The off-board 
chargers suitable for fast chargers generate the DC voltage from a three-








(b) Interleaved boost converter topology with PFC 
Fig. 1.6. Classical circuit configuration of OBC. 
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phase rectifier and an isolated DC-DC converter. However, it has a problem 
of increasing the volume due to the large number of passive components. In 
addition, the efficiency is low because the number of conversions from three-
phase AC to DC is three times. Some circuit configuration that applies direct 
conversion such as a matrix converter has been proposed [1-11]-[1-16].  
This configuration generates high-frequency AC directly from AC, thus 
reducing the capacitor and initial charging circuit in the DC link. As 
concluded in [1-17], the matrix converter can achieve higher power densities 
for AC-AC and AC-DC conversion when compared with equivalent DC-link 
based solutions. However, the low-order harmonic components are also 
generated in the DC side due to the removal of the capacitor when the grid 
current contains low-order harmonics. Therefore, it is necessary to reduce 












(b)Three-phase to single-phase matrix converter + AC-DC converter 
Fig. 1.7. Classical circuit configuration of off board charger. 
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1.2 Research Objectives 
The objective of this research is to accurate the voltage/current regulation 
in isolated matrix AC-DC converter. The voltage/current error reduction is 
accomplished by the proposed switch sequence strategy in order to accurate 
the voltage/current. Consequently, the charge stations benefit in term of a 
power density of passive components and a grid current quality.  
First of all, the voltage/current errors by applying the conventional 
approaches in isolated matrix AC-DC converter are studied. As previously 
mentioned, the grid current quality is decreased by the voltage/current errors. 
So, this paper introduces new concept of “switch sequence” to the generation 
process for the switching patterns. The concept of the switch sequence is to 
minimize the voltage/current error in one switching periods. The switch 
sequence is separated into two sequence: Vector sequence and Commutation 
sequence. 
The conventional commutation sequence achieves the safety operation 
to prevent a short-circuit and open-circuit in the matrix converter. However, 
the conventional commutation has a complex algorism and the voltage error 
which is difficult to compensate for a high current quality. Therefore, the 
simple commutation sequence for the matrix converter to reduce the voltage 
error due to a dead-time is studied.  
The conventional vector sequence reduces the switching loss to select 
active vectors and zero vectors for the reduction of the total switching. 
However, the voltage/current error occurs under a non-ideal condition which 
is not constant DC voltage and current due to the ripple components. 
Therefore, the new vector sequence for the matrix converter to accurate the 
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1.3 Thesis Organization 
Figure 1.8 shows the outline of this thesis divided into 7 chapters.  
Chapter 1 introduces the charger composition for EVs. Next, some circuit 
configuration to charge a battery of EV are introduced. Then, the objectives 
to accurate the voltage/current regulation in isolated matrix AC-DC 
converters are demonstrated.  
Chapter 2 introduces the classical isolated matrix AC-DC converter with 
a conventional method. The cause of the voltage/current error is clarified to 
accurate the voltage/current regulation for the reduction of the grid current 
distortion. Next, the state of arts of current approaches to reduce the 
voltage/current error are reviewed. Finally, the proposed switch sequence 
strategies, which is the key concept of this thesis, are described and the 
beneficial position of the proposed approaches along with other conventional 
approaches is presented.  
Chapter 3 discusses the proposed vector sequence in the buck-type 
matrix AC-DC converter to accurate the current regulation without the effect 
of the current ripple at DC side. First, the proposed vector sequence for a 
cancellation principle of the current error is explained based on the current 
space vector concept. Next, the proposed vector sequence under a continuous 
current mode (CCM) and a discontinuous current mode (DCM) is presented. 
Finally, the comparisons of the grid current distortion and the current ripple 
at DC side are demonstrated in order to verify the effectiveness of the 
proposed vector sequence.  
Chapter 4 discusses the proposed vector sequence in a dual active bridge 
(DAB) type matrix AC-DC converter to accurate the current regulation 
without the effect of the current ripple at AC side. First, the vector sequence 
to eliminate the current error is explained regardless of the current ripple 
which depends on a DC voltage, an inductance, and a grid phase variation. 
Finally, the grid current distortion is demonstrated in a simulation and an 
experiment by applying the proposed vector sequence.   
Chapter 5 discusses the proposed commutation sequence in the buck-
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type matrix AC-DC converter to accurate the voltage regulation without the 
dead-time period. First, the requirement for a safe commutation without the 
voltage error due to the dead-time period is explained. Next, the current 
direction of the transformer current is estimated to apply the proposed 
current-based commutation. Then, the commutation sequence is clarified 
during one switching period. Finally, the safe commutation and the reduction 
of the voltage error are experimentally verified. 
Chapter 6 discusses the vector sequence in the boost-type indirect matrix 
AC-DC converter to accurate the voltage regulation. First, the relationship 
between a DC-link voltage and the switching loss is explained. Next, the 
select method of the voltage space vector using a delta-sigma modulation is 
presented. The effectiveness of the proposed vector sequence with the delta-
sigma modulation is verified. 
Chapter 7 provides the conclusion of this thesis. First, an accuracy 
evaluation of the proposed and conventional sequence for the isolated matrix 
AC-DC converter is described. Next, the present works are summarized and 
future works which should be carried out will be discussed.  
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1.4 List of Publications 
The research outcomes during the Ph.D. study are in forms of journal 
papers and conference publications, as listed in the following. And parts of 
them are used in the Ph.D. thesis as in Figure 1.8. 
J : Journal Papers, C: Conference Papers 
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J3 S. Takuma, K. Kusaka, J. Itoh: "Control Method for Isolated AC-DC 
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624 (2020). 
C1  S. Takuma, K. Orikawa, J. Itoh, R. Oshima and H. Takahashi, "Isolated 
DC to three-phase AC converter using indirect matrix converter with 
ZVS applied to all switches," 2015 IEEE Energy Conversion Congress 
and Exposition (ECCE), Montreal, QC, 2015 
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AC Converter with Matrix Converter," 2018 International Power 
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AC-DC Matrix Converter," 2019 21st European Conference on Power 
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Current Harmonics Reduction," 2019 IEEE Energy Conversion 
Congress and Exposition (ECCE), Baltimore, MD, USA, 2019 
 







































Fig. 1.8. Outline of this thesis.  
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Voltage/Current Error in Isolated 





The previous section described the importance of the promotion of electric 
vehicles which has great impact on the reduction of greenhouse gas 
emissions. As the capacity of EV chargers installed on the ground is 
increasing, a performance of three-phase isolated AC DC converters must be 
improved.  
This chapter describes the operating principle of the circuit topology using 
matrix converters. Next, I summarize the problems in applying the 
conventional method and describe in detail the mechanism of the voltage and 
current error. In addition, the state-of-the-art approaches to reduce voltage 
and current errors caused by a dead-time, current ripple components and 
voltage pulses will be presented. 
Finally, the proposed switch sequence strategy to accurate the 
voltage/current regulation is described in detail. The beneficial position of 
the proposed approaches along with other conventional approaches is 
presented to show the contribution of this research. 
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2.2 Classical Configuration of Isolated Three-phase 
AC-DC Converters 
2.2.1 Boost Type Matrix Converter 
Figure 2.1 shows the circuit configuration of the isolated AC-DC 
converter with boost inductors at a grid side [2-1]-[2-2]. The circuit consists 
of a three-phase to single-phase matrix converter, an inverter, an isolation 
transformer, and boost inductors. When the turn ratio of transformer is set to 
1, DC voltage is elevated with the peak value of the grid line to line voltage 
as the lower limit. In this thesis, the circuit configuration shown in Figure 
2.1 is named the “boost type matrix converter”. A pulse width modulation 
(PWM) and space vector modulation (SVM) for a voltage source inverter 
(VSI) are used to control the grid current. 
The switching functions of each phase become only two different values; 
therefore, there are 8 (= 23) output voltage space vectors of the VSI expressed 
using the switching functions as V (su(t), sv(t), sw(t)). Six of these (V1–V6) 
are the active vectors and the others (V0, V7) are the zero vectors.  
The -axis and -axis voltages references are also calculated from the 
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In the SVM, the voltage reference vector V* sampled in each control 
period Ts ( = 1/fsw), typically an inverse of the switching frequency fsw, is 
generated by synthesizing the three voltage space vectors Va, Vb, and Vc 
upon the volt-second balance principle as  
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where ta – tc are the duty cycles of each selected voltage space vector and   

















Fig. 2.1. Boost-type matrix AC-DC converter. 




V1  (1 0 0)
V2 (1 1 0)
V4  (0 1 1)
V5 (0 0 1) V6 (1 0 1)










Fig. 2.2. Available output voltage space vectors of two-level three-phase VSI 
in  reference frame.  
 
Chapter 2: Voltage/Current Error in Isolated Matrix AC-DC Converter 
   | 19 
 
2.2.2 Buck-type Matrix Converter 
 Figure 2.3 shows the circuit configuration of the isolated AC-DC 
converter with a smoothing inductor at a DC side [2-3]-[2-4]. The circuit 
consists of a three-phase to single-phase matrix converter, an inverter, an 
isolation transformer, and the smoothing inductor. When only unidirectional 
operation is used, the switching devices at a secondary side is replaced with 
diodes. When the turn ratio of transformer is set to 1, DC voltage is limited 
by the peak value of the grid line to line voltage of 0.866 times. In this thesis, 
the circuit configuration shown in Figure 2.3 is named the “buck type matrix 
converter”. PWM and SVM for a current source inverter (CSI) are used to 
control the grid current.  
Similarity, there are 9 output current space vectors of the CSI. Six of 
these (I1–I6) are the active vectors and the others (I7, I8, I9) are the zero 
vectors.  
The -axis and -axis voltages references are also calculated from the 
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In the SVPWM, the current reference vector I* sampled in each control 
period Ts ( = 1/fsw), is generated by synthesizing the three voltage space 
vectors Ia, Ib, and Ic upon the volt-second balance principle as  
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where ta – tc are the duty cycles of each selected voltage space vector and   
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Fig. 2.4. Available output current space vectors of two-level three-phase CSI 
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2.2.3 Dual Active Bridge Type Matrix Converter 
Figure 2.5 shows the circuit configuration of the isolated dual active 
bridge (DAB) type matrix AC-DC converter with a inductor connected in 
series with a transformer [2-5]-[2-7]. The converter is equivalent to a dual 
active bridge converter such as a DC-DC converter. The phase shift 
difference between the output voltages of the matrix converter and inverter 
is decided by the transition power. However, the matrix converter voltage is 
not two-level voltage due to the generation from the three-phase voltage. In 
addition, the phase shift control is considered to keep the sinusoidal 
waveforms of the grid current. The isolated DAB-type matrix AC-DC 
converter achieves provide a ZVS operation based on the grid voltage and a 






















(b) Equivalent circuit 
Fig. 2.5. DAB type matrix AC DC converter. 
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2.3 Voltage/Current Error Factor of Conventional 
Approaches  
The control theory is constructed so that the error between the command 
value and the actual value becomes zero. This error is defined as the voltage 
/current error averaged over the switching cycle. For example, if PWM is 
applied to a grid-tied inverter, the average value of the output line to line 
voltage in one switching cycle is equal to the instantaneous value of the line 
to line voltage of the grid voltage. Thus period-averaged voltage error 
becomes zero excluding effect of dead-time or parasitic components in the 
inverter. A grid current is distorted by the voltage error due to dead-time or 
parasitic components. The voltage/current error in isolated matrix AC-DC 
circuits causes the grid current distortion and increase in a filter volume. In 
the following subsections, the causes of the voltage and current errors in 
conventional methods are described in detail. 
2.3.1  Voltage Error due to Dead-time 
A commutation sequence is incorporated for two bi-directional switches 
to prevent shot-circuit of a voltage source or open-circuit of a current source 
through the matrix converter. A dead-time is inserted between each switching 
sequence depending on the switching speed of the switching device. The 
voltage error is caused by the dead-time and the commutation sequence. In 
this section, the mechanism of the voltage error is clarified and the 
conventional commutation sequence is explained. 
In 1989, two types of commutation sequences are proposed: voltage-based 
commutation [2-8] and current-based commutation [2-9]. Both methods can 
safely drive the matrix converter in a four-step commutation sequence. 
Figure 2.6 shows an equivalent circuit of one phase and the sequence of 
the voltage based four-step commutation. The symbols, Vmax, Vmid, and Vmin 
in Figure 2.6 (a), indicate the maximum, the medium, and the minimum 
voltage of the power supply, respectively. The output current is positive, and 
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it is a commutation from a maximum voltage phase Vmax to a middle voltage 
phase Vmid as shown in Figure 2.6 (b).  First, Sml turn on, then Spl turn off 
with changing a current path from Vmax to Vmid. The output voltage also 
changes from Vmax to Vmid. Next step, Smr turn on. In the path between Vmax 
and Vmid, a short circuit is prevented by the turned-off Spl. Finally, the voltage 
based four-step commutation sequence is completed by turning off Spr. The 
voltage error caused by the commutation sequence when the current 














































  (b) With positive current  (c) With negative current 
Fig. 2.6. Voltage error by applying voltage based four-step commutation. 
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Figure 2.6 (c) shows the voltage based four-step commutation with the 
negative current. The switching pattern is same as Figure 2.6 (b) because the 
voltage based four-step commutation is independent of the current direction. 
The output voltage changes from Vmax to Vmid in two-step with the negative 
current. Therefore, the voltage error depends on the commutation sequence, 
the related voltage and the current direction of the current. 
The pulse width using the voltage commutation of the matrix converter is 
































 (i < 0) ............... (2.5) 
where, Tmax means the turned-on time of the switch connecting with the 
maximum voltage, Tmid means the turned-on time of the switch connecting 
with the medium voltage, Tmin means the turned-on time of the switch 
connecting with the minimum voltage, Td means the commutation time of 
one step, and i means the load current. 
Similarly, in the current commutation, the voltage error during the 
overlap-time of the forward IGBT depends on the current direction. The 
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The grid current is controlled without distortion by the dead-time error 
compensation.  
However, when voltage-based commutation is applied to a matrix 
converter, a commutation failure occurs in the area where the two-phase 
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Figure 2.7 shows the relationship between the phase voltage and safety 
operating area with the voltage-based commutation. The critical area is 
defined as the area where the voltage of one phase is close to the voltage of 
the other phases, the others are defined as the uncritical area. Some 
commutation sequences are proposed to prevent the short-circuit in the 
critical area [2-10]-[2-12]. In the uncritical area, the voltage based four-step 
commutation is applied to the matrix converter to achieve a safety operation 
even in the presence of detection errors. When phase voltages vr and vs are 
close to each other, the commutation is through vt during the commutation 
from vr to vs. As a result, the safety commutation achieves in the critical area. 
However, the number of switching of the matrix converter increases to avoid 
the commutation failure in critical area. In addition, a high-performance 
controller is required to implement two commutation sequences for the 
critical and uncritical area. 
  
 
Fig. 2.7. Relationship between the phase voltage and safety operating area 
with the voltage-based commutation. 
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Figure 2.8 shows the hybrid commutation approach to avoid commutation 
failure in the critical area [2-12]. The current based four-step commutation 
is applied in the critical area of the voltage-based commutation sequence. 
The safety operation and low distortion of grid current are accomplished by 
the dead-time compensation calculated by Eq. (2.5) and (2.6). However, the 
hybrid commutation approach assumes that the input and output frequencies 
are sufficiently lower than the switching frequency. Therefore, the hybrid 
commutation approach is unsuitable for the isolated matrix AC-DC converter. 
In [2-13], the commutation failure is suppressed by using the freedom of 
placement of the output voltage vector. The implementation is simpler than 
the previous method because there is no need to switch the commutation 
sequence. However, the modulation index is limited due to the insertion of 
zero vectors between the active vectors.  
  
 












Chapter 2: Voltage/Current Error in Isolated Matrix AC-DC Converter 
   | 27 
 
The METZI commutation using the related voltage is proposed [2-14]. 
The number of steps of METZI commutation is only two-step with the safety 
operation. However, the steady-state of switching devices on each phase are 
on-state with the two-step commutation. The short-circuit in the matrix 
converter may be sustained for a long time, which may destroy the switching 
device when a voltage sag occurs. In order to prevent circuit damage due to 
short circuits, it is necessary to use voltage sensors with a high bandwidth 
and switching devices with high short circuit tolerance. 
Figure 2.9 shows the single-step commutation sequences with the positive 
and negative current [2-15]. Furthermore, the commutation sequence with 
reduced commutation time has been proposed [2-15]-[2-18]. These 
commutation sequences use both of the related voltage and the current 
direction. The reduction of the commutation step simplifies the commutation 
sequence. In addition, the power consumption of the gate drive circuit of the 
matrix converter is reduced by using two-step or single-step commutation 
[2-19]. The current control by the matrix converter is possible without the 
dead-time compensation because there are no errors due to the single-step 
commutation. However, the conventional commutation is based on the 
constant current during the commutation sequence.  
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(b) Negative direction 
Fig. 2.9. Single-step commutation sequences.  
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 The compensation method for a duty-cycle loss when applying SVM to 
the buck-type matrix converter is proposed [2-20]-[2-22]. Six-segment of 
SVM is a vector sequence in which two active vectors are output 
consecutively. In other case, eight-segment of SVM is a vector sequence in 
which active vectors, and zero vectors are alternately output.  
Figure 2.10 shows waveforms of the output voltage of the matrix converter, 
the transformer current, the rectified voltage, and the DC current with SVM. 
The colored-area means the voltage error due to a leakage inductance of the 
transformer which is called the duty-cycle loss Dx in [2-20]-[2-22]. The 
duty-cycle loss Dx is one of the major limitations of operating at higher 
switching frequency and it generates circulating current on the primary 
switches and transformer winding, which results in conduction loss and poor 
input current total hormonic distortion (THD) [2-22]. During duty-cycle loss 
interval, the inductor current at the DC side is still freewheeling through the 
inverter and the transformer secondary voltage is clamped to zero. The 
compensation for the duty-cycle loss  Dx is calculated by a leakage 
inductance of the transformer, DC voltage, transmission power, grid voltage, 
and the turn ratio of the transformer. However, the compensation value is 
changed by the current direction at the end of T0 because the decrease of the 
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Fig. 2.10. Duty-cycle loss of space vector modulation. 
(Adapted from [2-20] J. Afsharian, D. Xu, T. Zhao, B. Gong and Z. Yang, 
"Reduced duty-cycle loss and output inductor current ripple in a ZVS 
switched three-phase isolated PWM rectifier," 2016 IEEE Applied Power 
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The estimation method of the current direction at the transformer by three-
step commutation has been proposed [2-22]. The transformer current is 
forced to regenerate on the grid side and clamped to zero current by the three-
step commutation. The dead-time for the three-step commutation is 






 =  ................................................................................. (2.7) 
where, L is the inductance of the inductor connected in series with the 
transformer, Imax means a maximum transformer current, and Vmax means a 
maximum line to line voltage. A long dead-time is needed to estimate the 
current direction in devices with large capacity.  
As previously described, there is no compensation method that includes 
the change in the current direction during the commutation of the matrix 
converter. The DC current is fluctuated by the output voltage error caused by 
the conventional commutation sequences.  
As a conclusion in this chapter, the following is required for the 
commutation sequence to compensate for the voltage error caused by 
commutation. 
1) Safety commutation regardless of delay of voltage detection 
2) Current direction estimation 
3) Modulation limitless 
4) Simple commutation sequence 
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2.3.2 Current Error due to Current Ripple at DC side 
Control methods for the buck-type matrix converter have been proposed 
[2-3]-[2-4], [2-20]-[2-35].  In many literatures, a modulation scheme 
assuming a constant inductor current during one switching cycle is used. 
Here, by applying the modulation scheme assuming the constant inductor 
current, the current error between the reference and actual current occurs 
because of the actual current has the ripple component. Therefore, increasing 
the inductor or fast switching operation is required to ignore the ripple 
current at the DC inductor. The grid current distortion is caused by the 
current error when the current ripple is large compared to the average 
inductor-current. 
In other solution, the freedom of an arrangement for a current space vector 
is used for more high performance: low switching loss, low harmonics 
component, etc [2-23]-[2-24]. In particularly, the current space vectors are 
allocated to minimize the ripple component of the DC current [2-25]-[2-29].  
The vector sequence that minimizes the ripple component of the DC current 
depends on the modulation index of a three-phase current source inverter. 
The DC current ripple with the optimal vector sequence can be reduced by 
13% compared to the pre-optimized SVM. However, the conventional vector 
sequence that minimizes the current ripple cannot compensate for the current 
error. Thus, there is a problem of the grid current distortion when operating 
under a low inductance and a low switching frequency.  
Figure 2.11 shows THD characteristics in the DC and grid side [2-29]. 3Z 
indicates that the zero vectors are placed to the right, center and left in one 
switching period. In other case, 1Zr means that the zero vector is placed to 
the right in one switching period. In both vector sequences, there is a 
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(a)  THD in DC side 
 
(b)  THD in AC side 
Fig. 2.11. THD characteristics with vector sequence for varying the 
placement of the zero vector. (Adapted from [2-29] M. Mengoni, L. Zarri, 
A. Tani, G. Rizzoli, G. Serra and D. Casadei, "Modulation strategies for 
three-phase AC-DC matrix converters: A comparison," 2016 IEEE Energy 
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There are degrees of freedom in the vector selection for the buck-type 
matrix converters, and five vector sequences have been considered in the 
literature [2-30] as shown in Figure 2.12. In the literature, it is mentioned 
that zero voltage switching (ZVS) operation can be achieved in the green 
part and hard switching in the blue part. “Type A” PWM is proposed as the 
optimal vector sequence for minimizing the switching loss among the five 
vector sequences. “Type E” PWM is 1.6 times greater than “Type A” PWM 
in terms of turn-off loss. However, the DC current ripple is not considered in 
this study. Therefore, the current distortions for the optimal vector sequence 
when DC current ripple is considered are discussed. 
Figure 2.13 (a)-(f) show the waveforms of the grid voltage, grid current, 
and DC current with the optimal vector sequence for minimizing the 
switching loss by changing a ripple ratio Ip-p from 5% to 160%. The DC 
current can be considered constant when the ripple ratio is small such as 5%. 
In other words, the distortion of the grid current is suppressed by ignoring 
the small current error. On the other hand, the grid current distortion tends to 
increase with the increase in the ripple rate. 
Figure 2.13 (g) shows the grid current THD characteristic by applying the 
conventional optimum vector sequence. If the ripple rate is above 50%, the 
grid current THD exceeds 5.0%, and therefore the grid interconnection 
requirements cannot be satisfied. The grid current THD might be worse 
because it does not consider the dynamics of the LC filter or the 
characteristics of the switching device. 
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Fig. 2.12. Transformer primary voltage with different PWM schemes. 
(Adapted from [2-30] J. Afsharian, et al., "The Optimal PWM Modulation 
and Commutation Scheme for a Three-Phase Isolated Buck Matrix-Type 
Rectifier," in IEEE Transactions on Power Electronics, vol. 33, no. 1, pp. 
110-124, Jan. 2018. ) 
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(g) THD characteristic 
Fig. 2.13. THD characteristic with conventional vector sequence. 
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As a miniaturization method for inductors, DCM for the buck-type matrix 
converter has been proposed [2-31]-[2-34]. The DC inductor can be 
relocated to the high-frequency link because the buck-type matrix converter 
is operated with DCM in the entire load range. The advantage of shifting 
inductors is that the effects of transformer leakage inductors that cause surge 
voltages can be ignored. However, the current error occurs because the DC 
current is approximated as constant. Therefore, the grid current is distorted 
due to the current error. Furthermore, it is difficult to increase the capacity 
of the buck-type matrix converter because of the increase in the RMS value 
of the transformer current with DCM. The eight-segment of SVM is 
proposed to eliminate the current error due to the current ripple [2-35].  
Figure 2.14 shows the operation waveforms of the conventional and 
proposed vector sequence in [2-35]. In this vector sequence, the duty ratio 
for the buck-type matrix converter can be calculated for the DCM operation. 
In other words, the current error due to current ripple can be suppressed even 
in the light load range. However, there are two problems: the conduction loss 
increases due to the large negative circulation current and the DC voltage 
limits the operating range.  
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(c) Extended to Fig. 2.14 (b).  
Fig. 2.14. Eight-segment of SVM to reduce current error. 
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2.3.3 Current Error due to Current Ripple at AC link 
A modulation scheme for the DAB-type matrix converter has been 
proposed [2-5]-[2-7], [2-36]-[2-51]. Methods for approximating voltage 
waveforms to square and trapezoidal waves have been proposed to simplify 
the duty calculation for the DAB-type matrix [2-7], [2-36]-[2-37]. In addition, 
the soft-switching conditions are clearly described and turn-on ZVS can be 
achieved to use the approximation method. However, the current waveform 
becomes triangular and the current error caused by the approximation 
increases when the voltage ratio of input/output is not equal to the turn ratio 
of the transformer. The DC voltage range is limited due to the increase of the 
grid current distortion caused by the approximated current error. 
The eight-segment [2-40]-[2-45] or twelve-segment [2-5]-[2-6], [2-46]-
[2-47] of SVM is proposed to minimize the switching loss. The transformer 
current is zero-crossed when the active vector is selected. The turn-on ZVS 
is achieved by these vector sequence. However, the turn-off loss is high 
compared with the six-segment of SVM. In addition, the maximum transition 
power is limited due to the decrease of the transformer utilization. In 
combination with other modulation, the efficiency is expected to be 
improved by applying them at light loads.  
The duty ratio calculation using a numerical calculation is proposed [2-
48]-[2-51]. The phase difference is derived using a bisection method. The 
number of iterations is limited to 10 to achieve sufficient accuracy of the 
phase difference. However, the grid current is distorted by the effect of the 
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2.3.4 Voltage Error due to Voltage Pulse 
The DC voltage at the DC link between the PWM rectifier and the isolated 
DC-DC converter is kept constant by a smoothing capacitor. A pulse voltage 
at the DC link can be output to remove the smoothing capacitor by applying 
the boost-type matrix converter. The modulation methods employing the 
pulse voltage for the buck-type matrix converter have been proposed [2-52]-
[2-63]. 
The compensation method for PWM in the buck-type matrix converter is 
proposed [2-52] when the DC link voltage has 2-level voltage which is zero 
or Vdc. The primary and secondary converter generate the pulse voltage using 
the phase-shit control of them. The average voltage of the pulse voltage is 
calculated by amount of the phase-shift. The phase shift should be small to 
increase the voltage utilization rate. However, the output line to line voltage 
has an unexpected zero voltage period due to the pulse voltage. The grid 
current is distorted by the voltage error due to the pulse voltage with the zero 
voltage period.  Therefore, the modulation signal for PWM is compensated 
by the feed-forward compensation. From experimental results, the grid 
current THD is improved from 13% to 6% by the compensation method. 
However, the conventional compensation method is insufficient to connect 
the grid.  
On the other hands, the modulation method to reduce the switching loss is 
proposed to synchronize the switching signal of the three-phase converter 
with the zero-voltage at the DC link voltage [2-53]-[2-54]. ZVS of the three-
phase converter is achieved by the switching at the zero voltage at the DC 
link. However, the utilization rate of the transformer decreases, and the 
conduction loss may increase.  
The simple commutation method using zero current at the DC-link is 
proposed [2-55].  VSI in the indirect matrix converter turns-on or turns off 
when a current source rectifier (CSR) selects the zero current space vector. 
The commutation for VSI is simplified because of the current direction is 
decided by the selected vector in CSR. However, the soft switching scheme 
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for CSR is not discussed.  
The soft-switching method for the primary and secondary converter is 
proposed with an active snubber [2-56]. The primary and secondary 
converter achieves ZVZCS operation to use the charge or discharge 
operation of snubber voltage. However, the switching loss of the three-phase 
converter is still high.  
The modulation to reduce number of switching of the three-phase 
converter is proposed [2-57]-[2-60]. The DC link voltage is controlled to the 
maximum line to line voltage to apply a six-pulse modulation which reduces 
number of switching compared with PWM or SVM. The average voltage at 
the DC link is controlled by the primary or secondary converter as an 
envelope of the maximum line to line voltage. The combination of six-pulse 
modulation and the DC link voltage control by primary and secondary 
converters is called “Hybrid modulation”.  
Figure 2.15 shows the circuit topology to apply the Hybrid modulation.  
The primary and secondary converter are the full-bridge [2-52] of half-bridge 
[2-59] which are most basically configuration with additional active 
snubbers [2-53]-[2-54],[2-56]. The multi-phase converters are applied to the 
primary and secondary converter to reduce the conduction loss [2-57]-[2-
58] . The voltage-level of the DC link voltage is increased by the 
combination of the circuit connected in series or parallel [2-59]-[2-62]. The 
circuits using the hybrid modulation minimizes the voltage error and 
eliminates the grid current distortion. However, the switching losses of the 
three-phase converter occur even applying six-pulse modulation. 
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(g) ISOP for unidirectional [2-61] (h) ISOP for bi-directional [2-62] 
Fig. 2.15. Circuit configuration for isolated DC-virtual DC converter. 
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Figure 2.16 show the soft-switching method for the three-phase converter  
[2-63]-[2-64]. An LLC converter at the primary side is operated with a duty 
ratio of 50%. The switching of the three-phase converter is synchronized 
with zero voltage of the transformer voltage. Pulse density modulation 
(PDM) is applied to the three-phase converter in order to achieve the 
sinusoidal grid current while synchronizing the switching to zero voltage. 
However, the voltage error in the pulse period increases due to the lower 
resolution for the output voltage reference when PDM is applied to the boost-
type matrix converter.  
In summary, to achieve a high-power density of the boost-type matrix 
converter, the following are required 
(i) Synchronization of three-phase converter switching with zero voltage  
(ii) Reduction of primary and secondary switching losses 
(iii) No additional circuit 
(vi) High resolution to minimize voltage error  
   
(a) Block schematic           (b) Associated waveforms for  
case of DC reference with PDM 
Fig. 2.16. Principle of pulse density modulation.  
 
(Adapted from [2-64] P. K. Sood and T. A. Lipo, "Power conversion 
distribution system using a high-frequency AC link," in IEEE Transactions 
on Industry Applications, vol. 24, no. 2, pp. 288-300, March-April 1988) 
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2.4 Proposed Switch Sequence Strategies for Accurate 
Voltage/Current Regulation 
The conventional sequences are designed to minimize the switching loss 
and safe commutation operation for the isolated matrix AC DC converter 
using the degrees of freedom of the voltage/current vector arrangement. 
Furthermore, the grid current distortion is suppressed by a regulation the 
voltage/current waveforms with high accuracy. However, an increase in the 
switching frequency is necessary to regulate the voltage and current 
waveforms with high accuracy. In addition, there is a problem of increasing 
the volume of the heat sink as a trade-off. Then, a new sequence using the 
degrees of freedom of the voltage and current vectors is proposed for the 
high-accurate voltage and current regulation. 
The switch sequence strategy is defined as a sequence for the high-
accurate voltage and current regulation to satisfy the requirements described 
in the previous chapter. The proposed switch sequence strategy which is 
contains the vector sequence and the commutation sequence generates the 
optimal switching signal to minimize the voltage error ve and the current 
error ie. These errors are defined as following:  
0
1
| ( ) ( ) |
T
e refv v t v t dt
T
= −  ........................................................... (2.8) 
0
1
| ( ) ( ) |
T
e refi i t i t dt
T
= −  ............................................................. (2.9) 
 where vref /iref are the voltage/current commands, v / i are the instantaneous 
voltage/current values, and T is one switching period. The voltage/current 
errors are averaged by one switching period. The error factors are described 
in chapter 2.3. Other factors, such as a parasitic capacitance and on-
resistance of the switching device, are out of scope of this paper.  
The following is an overview of the proposed switch sequence to regulate 
the voltage/current with high accuracy by suppressing the error.  
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2.4.1  Vector Sequence 
 Figure 2.17 shows the conventional and proposed vector sequences. The 
degree of freedom of the voltage/current vector arrangement is used to 
reduce the number of switching in the conventional approach. However, the 
high grid current quality is not achieved due to the voltage/current error. 
Therefore, the proposed vector sequence is optimized to reduce the error by 
changing the voltage/current vector arrangement only. The proposed vector 
sequence to reduce the current error is explained in detail for the buck-type 
matrix converter in chapter 3 and the DAB-type matrix converter in chapter 
4. The proposed vector sequence only changes the placement of the active 
vector. Next, the proposed vector sequence to reduce the voltage error is 
explained in detail for the boost-type matrix converter in chapter 6. The 
proposed method achieves a voltage error suppression and a soft switching 
by combining the delta-sigma modulation and the vector sequence. 
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Fig. 2.17. Switching pattern optimization principles of conventional vector 
sequence and proposed vector sequence. 
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2.4.2  Commutation Sequence 
Figure 2.18 shows switching pattern optimization principles of the 
conventional commutation sequence and the proposed commutation 
sequence. The conventional sequence is determined based on the current 
direction and the voltage relationship between three-phase voltages. If the 
input switching signals Sx does not change, the same switching signals are 
input to the two switching devices that compose the bi-directional switch 
without the commutation sequence. On the other hands, the switching signals 
are generated based on the commutation sequence with the related voltage 
and the current direction when the input switching signals Sx change. The 
voltage/current-based four-step commutation takes four times of a dead-time 
period from the start to the end. If the input switching signals change during 
the previous commutation sequence, the previous commutation sequence is 
cancelled and branched off to a new commutation sequence. The 
commutation sequence considering all interruptions is very complicated. In 
addition, the voltage error due to the commutation with the interruption is 
also complicated. The proposed method simplifies the commutation 
sequence compared to conventional methods by using the detected voltage 
and estimated current direction. It features the capability to generate a highly 
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 (a) Conventional sequence   (b) Proposed sequence 
 
Fig. 2.18. Switching pattern optimization principles of conventional 
commutation sequence and proposed commutation sequence. 
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2.4.3  Beneficial Position of Proposed Switch Sequence 
Strategies  
Table 2.1 shows the comparison between the conventional and proposed 
approaches. In the boost-type matrix converter, the switching loss increases 
to use PWM because the number of switching is high compared to SVM of 
other modulation. The switching of the three-phase converter is reduced to 
1/3 by using the hybrid modulation. Furthermore, the switching pulse of 
PDM is synchronized with the zero voltage in the DC link to reduce the 
switching loss. However, the grid current quality is low because the 
resolution of the pulse density decreases under a low modulation index. In 
proposed vector sequence, the grid current THD is improved by using a 
quantizer with delta-sigma modulation to select the optimum vector with the 
minimized voltage error. 
 In the DAB-type matrix converter, the grid current is distorted due to the 
approximated current error by applying the approximation method. While 
the eight-segment of SVM reduces the current error, it has the problem of 
increasing the circulation current and limiting the DC voltage range. The 
current error is cancelled out and the circulating current minimized by the 
proposed vector sequence. In addition, the grid current quality is high under 
a DC voltage variation against the nominal DC voltage.  
Both of the vector and commutation sequences are considered in the buck-
type matrix converter. The conventional optimum vector sequence is for 
reduction of the number of the switching. Therefore, the grid current is 
distorted by the current error which occurs under a high ripple ratio of the 
DC current. On the other hands, the eight-segment of SVM considering the 
current ripple reduces the current error. However, the application of the 
conventional eight-segment of SVM is limited by the DC voltage. In addition, 
the circulated current is increased by a divided active vector. In proposed 
vector sequence, the current error is canceled out by the combination of 
active vectors in the positive and negative periods during one switching cycle 
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regardless amplitude of the current ripple. Finally, the proposed two-step 
commutation sequence with an estimated current direction is simplified to 
the conventional commutation with a detected current direction. In addition, 
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Fig. 2.19 shows the beneficial position of the isolated matrix AC-DC 
converter with the proposed switch sequence strategies compared to the 
conventional approaches. The x-axis and y-axis indicate the power density 
of the passive components and the grid current quality, respectively. The grid 
current quality becomes high in the circuit configuration which consists of 
the three-phase AC-DC converter and the isolated DC-DC converter. The 
grid current distortion is suppressed to absorb the voltage and current errors 
by the capacitor at the DC-link. However, in terms of the power density (y-
axis), the number of the passive component is three parts: DC-link capacitor, 
boost inductors, and an extra inductor at the high-frequency link. The 
miniaturization of the passive components by increasing the switching 
frequency is limited by the increase in switching losses. The number of the 
passive component is only one part depend on the circuit configuration of 
the isolated matrix AC-DC converter (grid side, high-frequency link, or DC 
side). The power density of the passive components (y-axis) is improved to 
apply the matrix converter. However, the grid current quality (x-axis) is not 
enough because the voltage/current errors are not absorbed by the 
electrolytic capacitor which is removed to reduce the volume of the passive 
components in the conventional sequence.  
By applying the proposed switch sequence to the isolated matrix AC-DC 
converter, the voltage/current errors reduce to use the vector sequence or the 
commutation sequences regardless of the DC-link capacitorless. In the 
proposed switch sequence, the voltage and current waveforms are regulated 
with high accuracy without increasing the switching frequency as the 
conventional method. Furthermore, the power density of passive 
components is increased compared to the conventional sequences by 
reducing switching losses. Consequently, both of the grid current quality (x-
axis) and the power density of the passive components (y-axis) is improved 
by the proposed switch sequence.   
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Fig. 2.19. Beneficial position of proposed method compared to conventional 
methods.  
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2.5 Conclusion 
In this chapter, first, three types of the isolated matrix AC-DC converter 
topology have been reviewed. Next, the conventional vector and 
commutation strategies have been reviewed and those voltage/current errors 
have been analyzed in the isolated matrix AC-DC converters. Then, the 
proposed switch sequence contained the vector and commutation sequence 
is defined as the optimum switching signal generation method for the 
isolated matrix AC-DC converter. Finally, the beneficial position of the 
proposed switch sequence compared to the conventional approaches is 
described. The proposed switch sequence achieves both of the high current 
quality and the high-power density of the passive components. The next 
chapter will explain the mechanism of the proposed switch sequence 
strategies and demonstrate its superior characteristics.  
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This chapter presents a vector sequence to accurate the current regulation 
in the Buck-type matrix converter. The original idea in this research is that 
the current space vector is allocated to achieve the cancellation of the current 
error in each switching period. Specifically, a duty ratio for the proposed 
vector sequence is generated based on the conventional SVM with CCM. 
The advantage of the proposed vector sequence is the reduction for the 
current error without a complex algorism regardless a parameter variation.  
This chapter is organized as follows: First, in chapter 3.2, the cancellation 
method of the current error by using the proposed vector sequence is 
explained in detail. Next, in chapter 3.3, the ripple components in the DC 
side with CCM and DCM operation is analyzed. In addition, the limitation 
of the proposed vector sequence is clarified. After that, in chapter 3.4 and 
chapter 3.5, simulation, and experimental results are presented to verify the 
effectiveness in terms of the reduction of the current error, the grid current 
quality, and efficiency. Finally, in chapter 3.6, the conclusion of this chapter 
will be presented.
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3.2. Proposed Vector Sequence for Buck Type Matrix 
Converter 
3.2.1 Circuit Configuration 
Figure 3.1 shows a circuit consisting of a three-phase to single-phase 
matrix converter, an inverter, a DC inductor, and a high-frequency 
transformer. The transformer voltage is converted from three-phase grid 
voltage by the matrix converter. The output voltage of the diode rectifier has 
three-level voltage with a zero-voltage period. The DC inductor Ldc is 
designed based on the ripple ratio of the DC current. The reduction of the 
inductance is effective to minimize the inductor. However, the grid current is 
distorted to apply the conventional modulation because the current ripple is 
excluded. 
 




















Fig. 3.1. Circuit configuration of buck-type matrix converter. The isolated 
AC-DC converter consists of the three-phase to single phase matrix 
converter, the high-frequency transformer, the diode rectifier, and the 
smoothing inductor. 
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3.2.2 Principle of Cancellation for Current Error 
Figure 3.2 (a) shows the operation waveforms of the voltage and current 
at the primary side of the transformer, the ideal DC current without the 
current ripple, and the input current. It is assumed that the transformer is the 
ideal condition without the leakage inductance and magnetic inductance. The 
conventional control method assuming the ideal DC current simply regulates 
the input current to the reference. 
Figure 3.2 (b) shows the operation waveforms of the voltage and current 
at the primary side of the transformer, the non-ideal DC current with the 
current ripple, and the input current when the conventional control method 
is applied. The actual input current at S-phase has the error which is the 
shaded area due to the DC current ripple. In particular, R-phase and S-phase 
current are lower and higher than the input current reference, respectively, 
leading to the distortion of the input current. The duty compensation for the 
error caused by the output current ripple is difficult because the relationship 
between the duty ratio and the input current is nonlinear. Therefore, the 
cancellation method of the DC current ripple during one switching periods 
is proposed to accurate the current regulation for improvement of the input 
current distortion. 
Figure 3.2 (c) shows the operation waveforms of the voltage and current 
at the primary side of the transformer, the non-ideal DC current with the 
current ripple, and the input current when the proposed control method is 
applied. The effect of the DC current ripple is eliminated by changing the 
switching pattern during half cycle. The order of the voltage apace vector V4 
and V5 is alternated compared to the conventional control method. The 
advantages of the changing waveforms are as follow: 1) Cancellation of the 
current error due to ripple current 2) Extension of the pulse width. The detail 
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Figure 3.3 (a) and (b) show the output voltage of the matrix converter and 
the DC current with the conventional sequence. The current error is 
deference between the current reference I and actual current with ripple 
components. The grid current is distorted by applying the conventional 
sequence using SVM because of the relationship between the current error 
and duty ratio is nonlinear. 
Figure 3.3(c) and (d) show the principle of the proposed vector sequence 
of selecting the current space vector and cancelling the current error with 
DCM. By replacing the negative period vector of the conventional method, 
the error caused by the ripple current in the positive period cancels out the 
error caused by the negative period. Furthermore, the total number of 
switching of the buck-type matrix converter is the same as that of the 
conventional method by selecting the optimal zero vector. This indicates that 
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(c) Proposed operation            (d) Current error of (c) 
Fig. 3.3. Vector sequence to cancel out current error with DCM. 
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3.3. Analytical Evaluations 
3.3.1 Ripple Component with CCM Operation 
In this chapter, the DC current ripple with the proposed method is 
clarified to design the inductor at the DC side. 
Figure 3.4 shows the rectified voltage Vrec, DC voltage Vdc, and the 
instantaneous current of the inductor at the DC side during one switching 
cycle. The output voltage of the matrix converter is controlled to cancel the 
DC current ripple. The amplitudes of the current ripple Ip-p1 and Ip-p2 with the 
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where N is the turn ratio of the transformer, Ldc is the inductance of the 
inductor at the DC side, and v1 and v2 are the maximum and medium line to 
line voltage. 
Figure 3.5 (a) shows the relationship between the step-down ratio and 
current ripple ratio. It is confirmed that the current ripple amplitude of the 
proposed method is larger than them of the conventional method over the 0.8 
of the boost ratio. However, the amplitude of the current ripple is the same 
under the 0.8 of the boost ratio. The amplitude of the current ripple is 
depending on the relationship between the grid voltage, DC voltage, and turn 
ratio of the transformer. 
Figure 3.5 (b) shows the relationship between the DC current ripple ratio 
and step-down ratio with the conventional and proposed method. It is 
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assumed that the transition power is constant when the step-down ratio is 
changed by the matrix converter. Generally, the inductor at the DC side is 
designed by the requirement of the current ripple ratio. In a comparison of 
both the conventional and proposed topology design point, the step-down 
ratio is 0.77 because the worst current ripple ratio is the same. Therefore, the 



















(b) Nv1 > Nv2 > Vdc 
Fig. 3.4. DC current ripple waveforms with CCM. The DC current 
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(b) Ripple current ratio 
Fig. 3.5. Relationship between boost ratio and DC current. 
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3.3.2 Extension of minimum pulse width 
Figure 3.6 (a) and (b) show the switching pattern during on switching 
period. It is assumed that two switches of the bi-directional switch turn-on 
and turn-off at the same time without the commutation. The relationship 
between each duration is T1> T2> Tz. The minimum pulse width is defined as 
the pulse width which is shorter than another pulse width in six bi-directional 
switches during one switching period. In the conventional method, the 
minimum pulse width is T2 at the switches Ssp and Ssn. On the other hand, in 
the proposed method, the minimum pulse width is the width of the sum of T2 
and Tz at the switches Ssp and Ssn. Hence, the proposed method extends the 
minimum pulse width, leading to the reduction of the dead time effect.  
Figure 3.7 shows the minimum duty in the conventional method and the 
proposed method. In the conventional method, the dead-time-induced output 
voltage error occurs when the minimum duty is lower than 5%. Therefore, 
the input current distortion becomes more severe due to the dead-time. 
Meanwhile, the minimum duty with the proposed method is always higher 
than that of the conventional method. 
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(a) Conventional method           (b)Proposed method 
Fig. 3.6. Comparison among minimum pulse width. The minimum pulse 
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Fig. 3.7. Minimum duty during one switching cycle. 
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3.4. Simulation Results 
3.4.1 Simulation and Experimental Condition 
Table 3.1 shows the simulation and experimental conditions. The 
switching devices at the three-phase to single-phase matrix converter are 
IGBTs (MITSUBISHI ELECTRIC: CM400C1Y-24S). Note that the four-
step voltage commutation [3-1] is applied to prevent the commutation failure 
such as the short-circuit of the grid voltage, whereas single-step period of the 
four-step commutation is set to 1.0 s. The inductor at the DC side is 






Table 3.1 Experimental condition. 








Rated output power Pout 10 kW
DC inductor Ldc 1.6 mH
※1 Current ripple is designed at rated output power.
Grid voltage 200 Vvac
Carrier frequency 20 kHzfc
Turn ratio N=N2/N1 2.4
Current ripple Ip-p 2.5 A(10%※1)
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3.4.2 Comparison of Harmonic Components 
Figure 3.8 (a) and (b) show the input current waveforms and the 
harmonic analysis with the conventional and proposed control method. The 
same inductor value is used for the evaluation of each control method. The 
commutation operation and the input filter are not applied to evaluate only 
the effect of the DC current ripple. The input currents are distorted by the 
error caused by the DC current ripple with the conventional method, 
resulting in the high values of the 5th and 7th order harmonic components. 
In the proposed current ripple cancelation method, the input current THD is 
improved by 90% at a load of 0.2 p.u.. Figure 3.8 (c) and (d) depicts the input 
current waveforms with dead-time of 5% against the switching cycle in the 
conventional method and the proposed method. In the conventional method, 
the minimum duty which is lower than dead-time is eliminated to avoid 
short-circuit.  
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(c) Conventional method(0.2 p.u.)  (d) Proposed method(0.2 p.u.)   
Fig. 3.8. Simulation waveforms in grid current. 
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Figure 3.9 (a) show the harmonic analysis results for the grid current. 
The harmonics components included the grid current are normalized by the 
fundamental components of the grid current. The input current distortion due 
to dead-time is dominant at the light load. Therefore, the input current THD 
is too large. On the other hands, the input current distortion is significantly 
reduced because the accurate current regulation is achieved by the proposed 
method regardless the ripple components.  
Figure 3.9 (b) show the harmonic analysis results for the inductor current 
at the DC side. The harmonics components included the inductor current are 
normalized by two times of the switching frequency components on the 
inductor current. The low-order harmonic components, especially six times 
of the grid frequency, are almost same compared the proposed method with 
the conventional method. The inductor current has twice the switching-
frequency components when the transformer current is symmetrical in the 
conventional method. On the other hands, the inductor current has the same 
component as the switching frequency when the transformer current is 
asymmetric between positive and negative in the proposed vector sequence. 
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(b) DC side 
Fig. 3.9. Harmonic comparison at light load. 
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Figure 3.10 shows the THD characteristics with the conventional and 
proposed control method when the DC the smoothing inductor is changed to 
adjust the DC current ripple. In the conventional method, the input current 
distortion due to the error is improved to decrease the ripple ratio of the DC 
current. However, the input current is still distorted due to DC current ripple 
because the output current is not constant such as an ideal current source. On 
the other hand, the input current THD is greatly improved by applying the 
proposed method regardless of the ripple ratio of the DC current. In other 
words, the error between the reference and actual current at the grid side is 










































Fig. 3.10. Characteristic of grid current THD against input power. The 
input current distortion due to the DC current ripple is suppressed by the 
proposed method every current ripple ratio. 
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3.5. Experimental Results 
3.5.1 CCM Operation  
Figure 3.11 (a) and (b) show the waveforms of the rectified voltage, DC 
voltage, and DC current with the conventional and proposed method at 
0.2p.u.. The inductor is designed by the current ripple which is the maximum 
current ripple of 10%. The amplitudes of the current ripple with the 

















(b) Proposed method 
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Figure 3.12 (a) and (b) show the experimental waveforms with the 
conventional method at the high modulation index. Hence, the current error 
between the reference and actual input current occurs due to the DC current 
ripple which is not eliminated in the conventional method. As a result, the 
input current THD is high at 4.1%. Meanwhile, Figure 3.13 (a) and (b) show 
the experimental waveforms with the proposed method at the high 
modulation index. Consequently, the input current THD is reduced from 
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(b) Extended Fig. 3.12 (a) 
Fig. 3.12. Experimental waveforms of matrix converter at rated power 
of 10 kW with conventional method.  
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(b) Extended Fig. 3.13(a) 
Fig. 3.13. Experimental waveforms of matrix converter at rated power 
of 10 kW with proposed method. 
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Figure 3.14 (a) and (b) show the experimental waveforms with the 
conventional method at the low modulation index. The dead-time-induced 
output voltage error occurs because the duty is shorter than the dead-time. 
As a result, the input current THD becomes high at 8.1%.  
Figure 3.15 (a) and (b) show the experimental waveforms with the 
proposed method at the low modulation index. The output voltage error does 
not occur thanks to the extension of the minimum duty. The low input current 
THD of 2.8% is achieved even with a low modulation index and low power 
of 0.6p.u..  
Figure 3.16 (a) and (b) show the input and output waveforms of matrix 
converter at 0.2p.u. of the rated power. The input current distortion is high at 
8.2% with the conventional method due to the DC current ripple. The input 
current distortion is suppressed by the cancellation of the DC current ripple 
to apply the proposed method. As a result, the input current THD is improved 
by 35% compared with the conventional method. 
Figure 3.17 (a) and (b) show the input current THD characteristics with 
the current ripple ratio of 10% and 20% respectively. In the conventional 
method, the current ripple at the DC side is not ignored at the light load. 
Therefore, the input current is distorted due to the DC current ripple 
component with the traditional SVM. The input current distortion with the 
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(b) Extended Fig. 3.14(a) 
Fig. 3.14. Experimental waveforms at rated power of 0.6p.u with 
conventional method (MI = 0.4).  
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(b) Extended Fig. 3.15(a) 
Fig. 3.15. Experimental waveforms at rated power of 0.6p.u with 
proposed method (MI = 0.4) 
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(b) With proposed method 
 Fig. 3.16. Comparison of grid current quality at 0.1p.u. of the rated 
power. The DC voltage is 400 V. The input current THD is greatly 
reduced from 8.2% to 5.3% by the proposed cancellation method. 
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(b) Ripple current ratio is 20% 
Fig. 3.17. Relationship between grid current THD and input power. The 
input current THD is improved by the proposed method regardless of 
the current ripple ratio. 
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Figure 3.18 shows the efficiency characteristics of the conventional and 
proposed method. The maximum efficiency is 91.7% with the proposed 
method. The efficiencies with the conventional and proposed method are 
almost the same. By applying the proposed method, the input current 
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3.5.2 DCM Operation  
Figure 3.19 shows the waveforms of the grid voltage, grid current, high 
frequency voltage and current at rated load. The cut-off frequency of the 
input filter is 2.6 kHz and one control period of the SVM is 20 kHz. In the 
conventional vector sequence, the grid current distortion of 12% is caused 
by the increased current error due to the current ripple. On the other hands, 
the proposed vector sequence cancels out the current error caused by the 
current ripple by swapping the vectors for the negative period of the high-
frequency voltage waveform compared to the conventional method. The 
proposed method improved the input current distortion by 61%, from 12.9% 
to 5.0%, even with the same inductor applied.  
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(c) Waveforms with ripple cancel  (d) Extended view of Fig. 3.19 (c) 
Fig. 3.19. Experimental waveforms with DCM. 
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Figure 3.20 shows the grid current THD characteristics with the 
conventional and proposed vector sequence. Since the conventional method 
ignores the current error due to the ripple component of the DC current, the 
current distortion increases in all regions. If the inductance of the DC 
inductor is increased to reduce the current ripple, the gird current distortion 
can be reduced, but the passive components become larger. On the other hand, 
the proposed method without the current error due to the current ripple 
always achieves the lower grid current THD than the conventional method, 
and the grid current THD is 5.0% at rated operation. From the above results, 


























Without ripple cancel method
With ripple cancel method
 
Fig. 3.20.  THD characteristics in DCM. 
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3.6. Conclusion 
In this chapter 3, the vector sequence for the buck-type matrix converter 
is proposed to improve the grid current THD. The proposed method 
eliminates the ripple component by the combination of the current space 
vector during the positive and negative cycles of the high-frequency current. 
The amplitude of the DC current ripple is clarified to design the inductor at 
DC side with the proposed method. The 5th and 7th order harmonic 
components were decreased by over 95% with the proposed method in the 
simulation. As experimental results, the fundamental operations with the 
conventional method and proposed method were obtained. The grid current 
THD is improved by 35% to accurate the current regulation using the 
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This chapter presents a vector sequence for the accurate current 
regulation in the DAB-type matrix converter. The original idea in this 
research is that the current space vector is allocated to achieve the 
cancellation of the current error in each switching period. Specifically, a duty 
ratio for the proposed vector sequence is generated based on the conventional 
SVM. The advantage of the proposed vector sequence achieves the accurate 
current regulation by the reduction for the current error without a complex 
algorism regardless a parameter variation.  
This chapter is organized as follows: first, in chapter 4.2, the reduction 
method of the current error by using the proposed vector sequence is 
explained in detail. Next, in chapter 4.3 and chapter 4.4, simulation, and 
experimental results are presented to verify the effectiveness in terms of the 
reduction of the current error, the grid current quality, and efficiency. Finally, 
in chapter 4.5, the conclusion of this chapter will be presented.  
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4.2. Proposed Vector Sequence Strategy for DAB-type 
Matrix Converter 
4.2.1 Circuit Configuration 
Figure 4.1 shows a circuit consisting of a three-phase to single-phase 
matrix converter, an inverter, an inductor L, and a high-frequency 
transformer. The transition power is decided by phase deference between the 
output voltage of the matrix converter and the inverter such as a dual active 
bridge converter. However, the output voltage of the matrix converter is 
converted from three-phase voltage. Therefore, the matrix converter voltage 
is changed depend on grid frequency. It is necessary only to consider from 























































































(b) Current space vector  (c) Relationship between voltage and sector  
Fig. 4.1. Circuit configuration of DAB-type matrix converter. 
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4.2.2 Principle of Cancellation for Current Error 
Figure 4.2(a) shows the matrix converter output voltage, inverter output 
voltage, and the transformer current at the primary side with the conventional 
vector sequence. A transition mode is defined as periods in which the output 
voltages of the matrix converter and the inverter have the same voltage 
polarity. A circulation mode is defined as periods excluding the transition 
mode. The current space vectors are symmetrically allocated in each control 
period as I9–I1–I2–I9–I4–I5–I9 with the minimum total switching transitions 
in this conventional vector sequence.  
Figure 4.2(b) the matrix converter output voltage, inverter output voltage, 
and the transformer current at the primary side with the proposed vector 
sequence. The current space vectors are asymmetrically allocated in each 
control period as I9–I1–I2–I4–I9–I4–I5–I4-I4-I9 with the minimum total 
switching transitions in this proposed vector sequence. In particularly, the 
current vector is changed from I4–I5 to I5–I4 in order to cancel out the ripple 
component.  
Figure 4.2(c) shows the transformer current waveforms in the transition 
mode with the conventional and proposed method. The transformer current 
is separated into three: positive, negative, and one switching period. the total 
current in one switching periods consists of the transformer currents in the 
positive and negative periods. The amplitudes of A (or B) and A’ (or B’) are 
assumed to be equal.  
In the conventional method, the duty ratios are derived by assuming that 
the current in the transmission period is constant. However, the errors in the 
actual total current are Error1 and Error2 due to ignore the ripple components. 
These errors (Error1 and Error2) must be eliminated in one switching period 
to suppress the grid current distortion. 
The proposed method completely eliminates the error caused by ignoring 
the ripple component due to the small inductance such as a leakage 
inductance of the transformer. 
 The instantaneous currents from point A to B and A’ to B’ are different 
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because the output voltage of the matrix converter during the negative cycle 
is changed to cancel out the error caused by the ripple component. This is 
the key operation of the ripple cancellation. The average currents Iave1, Iave2 
during durations T1, T2 are expressed as 
1 1





v NV v NV
I i T i T
L L
− − 
= + + − 
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L L
− − 
= + + − 
 
 ........................... (4.2) 
where, L is the inductance of an inductor referred to the primary side of 
the transformer, v1 and v2 are the output voltages during I1 and I2 respectively, 
Vdc is the DC voltage, i0 is the initial current at I1, and i2 is the final state at 
I2. The ripple components are canceled by the asymmetric output voltage of 
the matrix converter.  
The relationship between the average current and durations T1, T2 is 
independent by the ripple cancellation even if high di/dt due to the leakage 
inductance. Each duty ratio during durations T1, T2 switching periods are 
determined by the current reference I1 and I2. 
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(b) Operation waveforms with proposed vector sequence 
(Fig. 4.2. continued.) 
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(c) transformer current in transition mode 
Fig. 4.2. Principle of cancellation of current error by applying proposed 
vector sequence. 
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4.2.3 Duty Ratio Calculation  
In this section, the details of the mode analysis with the switching pattern 
are explained. However, the commutation for the matrix converter is ignored. 
Period [t0-t1]: The output voltage of the matrix converter and inverter is 
zero. The zero voltage is generated by the short circuit operation between the 
upper and lower switches in one leg of the matrix converter. On the other 
hands, S2 and S3 at the inverter turn-on to clamp zero voltage. In CCM, this 
period becomes zero. 
Period [t1-t2]: Stp and Srp of the matrix converter turns-off and turns-on. 
Thus, the matrix converter output voltage is changed from zero voltage to 
the maximum line to line voltage v1 at the grid voltages. The inverter output 
voltage is the negative voltage to minimize the circulating current. Next 
switching starts when the output current reaches to point A. 
Period [t2-t3]: The inverter output voltage is changed from the negative 
voltage to the positive voltage. This duty ratio D1 is decided by the current 
reference based on SVM. 
 Period [t3-t4]: Srp turns-off and Ssp turns-on. The power flow is from the 
grid side to DC side during t2 to t4. 
Period [t4-t6]: The maximum line to line voltage is selected to minimize 
the reactive current. Therefore, Ssp and Stn of the matrix converter turn-off. 
Stp and Srn of the matrix converter turn-on.  
Period [t6-t7]: Both output voltage at the matrix converter and inverter is 
maintained to zero to clamp zero current. If the isolated three-phase matrix 
DAB AC-DC converter is operated under CCM, this duration is zero. In other 
words, the number of switching is reduced compared with DCM operation 
because the switching operations at t4 and t6 do not require. 
Period [t7-t8]: The matrix converter outputs the maximum line to line 
voltage v1 at the grid voltages. The inverter output voltage is the negative 
voltage to suppress the circulating current. Next switching starts when the 
output current reaches to point A’ which has the same magnitude of point A. 
Period [t8-t9]: The matrix converter outputs the medium line to line 
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voltage v2 to cancel the current ripple. The matrix converter output voltage 
is asymmetric between the positive and negative cycle. The average voltage 
is zero during one switching cycle when the ripple cancellation applied to 
the matrix converter.  
Period [t9-t10]: Ssn turns-off and Srn turns-on. In this mode, Srn is switched 
at hard switching condition because the drain-source capacitor of Srn does not 
discharge. However, the drain-source voltage of Srn becomes low owing to 
the differential voltage between the maximum and medium line to line 
voltage.  
Period [t10-t12]: the matrix converter outputs the maximum line to line 
voltage to minimize the circulating current. Therefore, Stp and Srn of the 
matrix converter turn-off. Srp and Stn of the matrix converter turn-on. 
Figure 4.3 (a), (b) show the operation mode by applied the proposed 
ripple cancellation method. The operation modes are separated into two 
modes such as buck-boost and boost mode. For example, the matrix 
converter is operated under the boost mode when the DC voltage is larger 
than the peak of the grid voltage. On the other hands, the matrix converter is 
operated under the buck-boost mode when the DC voltage is lower than 
0.866 times of the peak of the grid voltage. These modes are decided by the 
amplitude relationship between point A and B. Therefore, the boundary 
condition between buck-boost and boost mode is expressed as following. 
1 2
1 2 0
dc dcv NV v NVT T
L L
− −
+ =  .................................................... (4.3) 
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(b) Boost mode 
Fig. 4.3. Proposed vector sequences each operation mode. 
 
Chapter 4: Vector Sequence Strategy for Accurate Current Regulation in Dual Active 
Bridge Type Matrix Converter   | 103 
 
Figure 4.4 shows the boundary condition between the boost and buck-
boost operation and the total transformer current. The current ripple varies 
with the DC voltage, the grid voltage, and the turn ratio of the transformer 
N. With the conventional method, the errors due to the current ripple depend 
on the grid voltage and DC voltage. On the other hand, the errors with the 
proposed method are zero regardless the grid voltage and DC voltage 
because the errors due to ripple components in the transition mode are 
completely canceled out by the combination during the positive and negative 
periods. In other words, the proposed method is sufficient to operate matrix 
converters over a wide voltage range without the grid current distortion. 
The average current Iave during point A to B is defined as the equivalent 
transformer current reference Iave
*
 in the active mode. Each duty ratio of I1 
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Fig. 4.4. Boundary condition between the boost and buck-boost 
operation. 
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where Dz is the compensation duty ratio for D1. The current during Tz is 
a circulating or active current in the buck-boost or boost mode respectively. 
Therefore, the compensation for the effect of the current during Tz is addition 
or subtraction from D1. As shown in Figure 4.3 (a), the combination of the 
instantaneous current, which is from point 0 to A and from point 0 to B, is 
double of equivalent transformer current reference Iave
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Solving the equation (4.6), Da is expressed as following. 
*
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Dz is decided to equalize the amount of the change from point B to C in buck-
boost mode in Figure 4.3(a). 
1 1 2 2
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Finally, the zero-current period D0 is defined by following. 
0 1 21 (2 )zD D D D Da= − + + +  ................................................. (4.11) 
The equivalent transformer current reference Iave
* is restricted by the 
switching frequency, the inductance L, input voltage, and output voltage. Iave
* 
is expressed as following. 
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The isolated matrix DAB AC to DC converter is operated under CCM 
when the T0 is zero. Therefore, the equivalent transformer current reference 
for CCM is expressed as following. 
* 1
2
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On the other hands, the transformer current has zero-current periods 
under DCM which is operated as Da =0. Therefore, the zero-current period 
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Substituting (4.14) into (4.12), the current reference for DCM is expressed 
as following. 
 ..... (4.15) 
The current references under DCM and CCM are same at the boundary 
condition. Substituting (4.13) into (4.15), the transition power at the 
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where vac is the RMS value of the grid voltage. Solving (4.13), the 
* 1
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Figure 4.5 shows the current mode which depends on the normalized 
voltage ratio and the transition power. The normalized voltage ratio is 
expressed by DC voltage, the peak of the grid voltage, and the turn ratio of 
the transformer. The maximum transition power is decided by Eq. (4.18). 
The inductance should be designed to satisfy the output voltage range at 
rated power. Therefore, the %ZL of the inductance is designed to 94%.  
The mixed CCM and DCM means that the operation mode is changed 
during one grid cycle because the grid voltage and current reference are 






























1p.u. = 5 kW
%Z=94%
Maximum power  Eq. (4.18)
 
Fig. 4.5. Relationship between boost ratio and power.  
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4.3. Simulation Results 
4.3.1 Laboratory setup 
The proposed ripple cancellation method suppresses the current error 
caused by ripple regardless of the size and shape of the current ripple. In 
order to verify the effect of the proposed method, the current distortion is 
evaluated by changing the current ripple using a simulation. Here, the current 
ripple depends on three parameters: the grid-voltage phase, the magnitude of 
the DC voltage, and the inductance of L.  
Table 4.1 shows the simulation and experimental conditions. The 
variation of DC voltage for EV batteries is assumed to be plus or minus 20% 
of the nominal DC voltage. The nominal DC voltage is 74V because it is the 
most convenient power supply voltage in our laboratory. When the DC 
voltage range of 400 to 500 V is designed for EV applications, the nominal 
voltage can be set to 450 V by changing the turn ratio from 3.3 to 0.5. The 
effectiveness of the proposed method is not affected by the change in DC 
 
Table 4.1 Simulation and Experimental conditions. 
Carr ier frequency 20 kHzfsw







vac 200 VThree-phase AC voltage
190 mH(0.8%)
15 mF(3.8%)
L(%ZL)Leakage  inductance 20 µH(94%)
Grid f requency f 50 Hz
Rated power P 5 kW









Inverter Tinv  
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voltage under the same boost ratio. The sum of the inductance which is 
connected in series with the transformer is 20 mH. According to equation Eq. 
(4.19), the maximum transition power and the DC voltage is set to the rated 
power 5-kW and the lowest DC voltage. The matrix converter is operated 
with a four-step commutation based on the grid voltage. The switching 
device of the matrix converter and inverter are SiC MOSFETs 
(C3M0030090K, CREE) and Si MOSFETs (IXFH220N20X3, IXYS), 
respectively. The turn-on and turn-off time of these switching devices are 
different. Therefore, the dead-time of the matrix converter and the inverter 
is also different. The switching devices of the inverter are connected to 
parallel because the high RMS current occurs at the low DC voltage.  
4.3.2 AC voltage variation  
Figure 4.6 shows the operation waveforms at the grid side and the 
galvanic isolation transformer. The rate of the transformer-current change 
during the transition mode is nearly equal to zero under the grid phase of   
/6 in Figure 4.6 (b). This condition is suitable for the conventional method 
which is based on a constant current in the transition mode. However, the 
rate of the transformer-current change in the transition mode is a high di/dt 
excluded the grid phase of /6. Therefore, the grid current is distorted due to 
the current ripple in the transition mode. THD of the grid current is 10.8% 
with the conventional method.  
Figure 4.7 shows the operation waveforms at the grid side and the 
galvanic isolation transformer. With the proposed method, the current errors 
due to the current ripple in the transition mode is cancelled out by the 
combination of the transformer current in the positive and negative periods. 
THD of the grid current is lower than 1.0% with the proposed method 
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(b) Extended view of Fig 4.6 (a) each grid phase 
Fig. 4.6. Operation waveforms at the grid side and the galvanic isolation 
transformer with conventional method. 
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(b) Extended view of Fig 4.7 (a) each grid phase 
Fig. 4.7. Operation waveforms at the grid side and the galvanic isolation 
transformer with proposed method. 
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4.3.3 DC voltage variation  
Figure 4.8 shows the operation waveforms at the isolation transformer 
and THD characteristics with the DC voltage variation of plus or minus 20%. 
The operation waveforms are under the grid phase of  /12. The current 
ripple for DC voltage of 0.8.p.u. is more than the current ripple for DC 
voltage of 1p.u. with the conventional method. As a result, the grid current 
is distorted by increasing the current errors (Error1 and Error2) due to the 
current ripple. The THD of grid current is over 25% at the DC voltage of 
0.8p.u. with the conventional method. On the other hands, THD of grid 
current is lower than 5% at the DC voltage variation of plus or minus 20% 
by the proposed method. 
 
4.3.4 Inductance variation  
Figure 4.9 shows the operation waveforms at the isolation transformer 
and THD characteristics with the inductance variation of L from 0.5p.u. to 
1p.u.. The operation waveforms are under the grid phase of  /12. The current 
ripple with inductance of 0.5p.u. in the transition mode is double of that with 
inductance of 1p.u.. With the conventional method, the grid current is 
distorted by decreasing inductance of L. The THD of grid current cannot 
achieve less than 5% even by increasing the inductance of L with the 
conventional method. The increase in the inductance of L causes an increase 
in the volume of the inductor and a decrease in the maximum transmission 
power. On the other hands, the proposed method achieves the grid current 
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(c) THD characteristics 
Fig. 4.8. Operation waveforms at isolation transformer and THD 
characteristics with DC voltage variation of plus or minus 20%. 
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(c) THD characteristics 
Fig. 4.9. Operation waveforms at isolation transformer and THD 
characteristics with inductance variation of L from 0.5p.u. to 1p.u.. 
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4.4. Experimental Results 
4.4.1. Nominal DC voltage 
Figure 4.10 shows the operation waveforms of the three-phase isolated 
DAB AC-DC converter at the nominal DC voltage and the rated power 5-
kW. Figure 4.10 (a) shows the input and output waveforms of the isolated 
AC-DC converter. The input power factor of this system is almost unity. 
Figure 4.10 (b), (c), and (d) show the current waveforms at primary side and 
the output voltage waveforms of the matrix converter and the inverter. The 
boost operation mode which is the buck-boost or boost mode is changed by 
the phase of the grid voltage at the nominal DC voltage. In Fig. 4.10 (b), the 
converter is operated under the boost mode when the phase q of the gird 
voltage is zero. Next, the converter is operated under the boundary condition 
between the boost mode and buck-boost mode when q equals to 15 degree 
in Figure 4.10 (c). Finally, the converter is operated under the buck-boost 
mode when q equals to 30 degree in Figure 4.10 (d). 
The current mode is always CCM at the rated power according to Figure 
4.5. In other words, the RMS current with the proposed method is lower than 
one with the conventional method which is only operated under DCM [4-1]-
[4-2].  









(a) Input and output waveforms 
(Fig. 4.10. continued.) 
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(d) q = 30 [degree] boost mode 
Fig. 4.10. Experimental waveforms at nominal DC voltage.  
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Figure 4.11(a) and 4.11 (b) show the efficiency and THD characteristics 
under the nominal DC voltage. The maximum efficiency of 96.5% is 
achieved at 0.3p.u. with the proposed ripple cancellation method. The 
switching loss increases due to incomplete soft switching because the drain-
source current at the switching device decreases in the low transition power. 
The current distortion is greatly suppressed by the ripple cancellation method 
at the rated power 5-kW. The grid current THD is lower than 5.0% from 1p.u. 
to 0.4p.u.. However, the grid current is distorted by the dead-time of the 
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1p.u. = 5.0 kWPower [p.u.]  
(b) THD characteristic 
Fig. 4.11.  Characteristics at nominal DC voltage. 
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4.4.2. DC voltage variation 
Assume that the battery is connected to the load, the efficiency and THD 
characteristics of the isolated three-phase DAB matrix AC-DC converter are 
evaluated when the DC voltage variation of plus or minus 20% against the 
nominal DC voltage. The DC voltage is generated by a DC power supply 
which is set to by fluctuation voltage. The isolated three-phase matrix DAB 
AC-DC Converter is operated under an open-loop control with the proposed 
vector sequence to reduce the current error.  
Figure 4.12 shows the input and output waveforms of the DAB-type 
matrix converter at the rated power 5-kW. The grid current is controlled to 
sinusoidal waveforms under DC 60 V (0.8p.u.). In addition, the high grid 
current quality is achieved by the proposed sequence under DC 89 V 
(1.2p.u.). The output DC current does not have a low-order harmonic of 6 
times of the grid frequency to suppress the current error under the DC voltage 
variation of plus or minus 20%.  
Figure 4.13 shows the high frequency voltage and current waveforms 
when DC voltage variation of plus or minus 20% at the rated power 5-kW. 
The output voltage of the inverter is changed by the DC voltage variation. 
However, the proposed sequence achieves the reduction of the current error 
due to the current ripple with the conventional approaches.  
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(b) DC 89 V (1.2p.u.) 
Fig. 4.12.  Input and output waveforms of Isolated AC-DC matrix 
DAB converter when DC voltage variation of plus or minus 20%. 
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 (b) DC 89 V (1.2p.u.) 
Fig. 4.13.  High frequency voltage and current waveforms when 
DC voltage variation of plus or minus 20%. 
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Figure 4.14(a) shows the efficiency characteristics under the fluctuated 
DC voltage up to 20% at the rated power 5-kW. The system efficiency at low 
voltage is lower than one at nominal voltage because the RMS current and 
conduction loss of the switching devices at secondary side increases.  
Figure 4.14 (b) shows the THD characteristics under the DC voltage 
variation of plus of minus 20% at the rated power 5-kW. The grid current 
THD is lower than 2.0% regardless the fluctuation of the DC voltage. 
Therefore, the isolated three-phase matrix DAB AC-DC converter with the 
proposed ripple cancellation method is operated under a wide DC voltage 
range which is achieved by the buck-boost and boost operation against the 
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(b) THD characteristic 
Fig. 4.14.  Characteristics with DC voltage variation of plus or 
minus 20%. 
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4.4.3. Parameter Error 
Figure 4.15 shows the relationships between the reference and actual 







=  ................................................................................ (4.20) 
where Lnom is the nominal value of the inductance, L is an actual inductance 
in experimental setup. Lnom is used for the duty ratio calculation on DSP. In 
kerr =1, the maximum error between reference and actual transition power is 
1.7% at 0.1p.u. against the rated power. Next, Lnom is changed by 10% to 
imitate the parameter error of the inductance. The relationship between the 
reference and actual transition has the error due to the parameter 
mismatching. However, the power transmission characteristics is linearized 
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4.5. Conclusion 
The vector sequence to eliminate the current error is proposed for the 
DAB-type matrix converter. The current error due to the current ripple is 
eliminated by the combination of the ripple components during the positive 
and negative half switching cycle only. Therefore, the proposed vector 
sequence for the cancellation of the current error is implemented to use the 
duty calculation from the conventional SVM without a numerical calculation. 
The boundary conditions between CCM and DCM on the buck-boost and 
boost mode are clarified and can be reduced an RMS current of a high-
frequency current by employing CCM. From experimental results, the grid 
current THD was lower than 2.0% under the DC voltage variation of plus or 







Chapter 4: Vector Sequence Strategy for Accurate Current Regulation in Dual Active 








[4-1] D. Das, N. Weise, K. Basu, R. Baranwal and N. Mohan, "A 
Bidirectional Soft-Switched DAB-Based Single-Stage Three-Phase 
AC-DC Converter for V2G Application," in IEEE Transactions on 
Transportation Electrification, vol. 5, no. 1, pp. 186-199, March 2019. 
 
[4-2] D. Varajão, R. E. Araújo, L. M. Miranda and J. A. P. Lopes, 
"Modulation Strategy for a Single-Stage Bidirectional and Isolated 
AC-DC Matrix Converter for Energy Storage Systems," in IEEE 








Chapter 5: Commutation Sequence Strategy for Accurate Voltage Regulation in Buck 






Commutation Sequence Strategy 
for Accurate Voltage Regulation in 






The conventional multi-step commutation achieves a safety operation the 
switching devices of the matrix converter. However, the voltage error due to 
the dead-time increases at light-load or low modulation index. This chapter 
presents a commutation sequence to reduce the voltage error due to a dead-
time in the buck-type matrix converter. The original idea of this paper is to 
turning-on only one of two devices in the bi-directional switches based on 
the current direction and to use a voltage vector which let the switches 
naturally turn-off. Therefore, the proposed two-step commutation is 
unnecessary to switch between the conventional two-step commutation and 
another commutation method to prevent the short-circuit at the critical area. 
The effectiveness of the proposed two-step commutation is evaluated with a 
10-kW prototype thought experimental results. 
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This chapter is organized as follows: First, in chapter 5.2, the problem of 
the conventional multi-step commutation and the principle of the proposed 
two-step commutation methods are explained in detail. Next, in chapter 5.3, 
the voltage error based on the proposed commutation sequence for the 
accurate voltage regulation is analyzed in one switching period. In chapter 
5.4, the proposed two-step commutation is implemented to use a current 
direction estimation, a switching table for SVM, and a sorting switching 
pulse. After that, in chapter 5.5, simulation, and experimental results are 
presented to verify the effectiveness in terms of the reduction of the voltage 
error, the grid current quality, efficiency, and the safety operation for the 
matrix converter. Finally, in chapter 5.6, the conclusion of this chapter will 
be presented.  
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5.2. Proposed Current based Two-step Commutation 
5.2.1  Circuit Configuration  
Figure 5.1 shows the circuit configuration of the buck-type matrix 
converter with a snubber circuit to absorb an energy of a leakage inductance 
when a commutation failure occurs. The snubber circuit for bi-directional 
switches has been proposed [5-1]. However, A snubber circuit with a simple 
diode rectifier, a small capacitor, and a resister is adopted to absorb the 
energy of the leakage inductance in this chapter. Because the snubber circuit 
can be removed to suppress the commutation failure. The conventional 
voltage-based four-step commutation and the proposed commutation are 
evaluated using the circuit configuration that includes the snubber circuit.  
The bi-directional operation is achieved by changing the diode to a 
switching device. In this chapter, the verification is performed in 
unidirectional operation only, because the main topic of this chapter is the 










































Fig. 5.1. Circuit configuration of Isolated matrix AC-DC converter. 
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5.2.2 Problem of Conventional Commutation Method 
Figure 5.2(a) shows the equivalent circuit at each arm of the matrix 
converter. The equivalent circuit consists of the three voltage sources 
(maximum-phase-voltage Vmax, middle phase-voltage Vmid, minimum phase-
voltage Vmin), current source which represents as the current at the 
transformer, and three bi-directional switches.  
Figure 5.2(b) and 5.2 (c) show the transition situation from Vmax to Vmid 
with the voltage-based four-step commutation and the conventional two-step 
commutation [5-2]-[5-3]. If the actual voltage polarity does not agree with 
the detection voltage polarity, the short-circuit via the grid occurs in the 
commutation state of the voltage-based four-step commutation or in the 
steady state of the conventional two-step commutation until turning-on Smr. 
The voltage error can be compensated to use the related voltage and the 
current direction. However, these commutation methods assume that the 
current direction is not changed in commutation sequence. Therefore, the 



























(a) Equivalent circuit         (b) Four-step     (c) Conv. two-step 
 
Fig. 5.2. Conventional multi-step commutation.  
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5.2.3 Principle of two-step commutation  
Figure 5.3 depicts the principle of the proposed two-step commutation, 
which is divided into three modes. Figure 5.3(a) shows the transition from 
the high voltage to the low-voltage. As shown in Figure 5.3 (a), the switch 
Spr turns-on at Vmax-phase when the matrix converter starts to transit from 
Vmax-phase to Vmid-phase with the positive output current. At first step, the 
switch Smr at Vmid-phase turns-on. Then, at second step, the switch Spr turns-
off and the current commutates from Vmax-phase to Vmid-phase. The output 
voltage error occurs due to the commutation from Vmax-phase to Vmid-phase. 
Figure 5.3(b) shows the transition from the low voltage to the high voltage. 
In contrast, the switch Smr turns-on at Vmid-phase when the matrix converter 
starts to transit from Vmid-phase to Vmax-phase with the positive output current. 
At first step, the switch Spr at Vmax-phase turns-on and the current commutates 
from Vmid-phase to Vmax-phase. Then, at second step, the switch Smr turns-off. 
The output voltage error is zero when the output voltage is changed from 
Vmax-phase to Vmid-phase. Figure 5.3(c) shows the transition from zero-vector 
state to an input phase. The output current decreases until zero in the initial 
state. After that, the output current keeps to zero because the current path is 
nothing regardless of the switching state of Spr. Therefore, the zero-vector 
state Vz is defined as an equivalent off state of all switching devices of the 
matrix converter. The zero-vector state depend on the input voltage polarity. 
At first step, the all switches turn-off because the output current is already 
zero. At second step, Spl turns-on and the output voltage is changed from zero 
to Vmax. Therefore, the output voltage error should occur by the zero-vector. 
In this paper, the commutation from the low to high voltage is excluded to 
achieve the simple duty compensation because the output voltage error is 
always a constant duty using other commutation.  
In these commutation modes, the short-circuit and the open-circuit are 
avoided regardless of the voltage detection error by the modulation of only 
one of two devices in the bi-directional switches. Therefore, the transition 
from an input phase to another input phase without any commutation failures 
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is achieved. The initial state is on state of Spl and then similar switching 
sequence are applied when the output current direction is negative. The 












 ................................. (5.1) 
where subscript x indicates p (Vmax-phase) or m (Vmid-phase) or n (Vmin-phase) 
depend on the output line to line voltage Vpr. If the output voltage of the 
matrix converter is Vmax-Vmin, x of the upper side arm is p. In addition, x of 
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(c) Vz to Vmax 
Fig. 5.3. Principle of proposed commutation sequence.  
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5.2.4 Current direction estimation  
Figure 5.4 shows the current estimation method to achieve the proposed 
two-step commutation. The current direction estimation can remove the 
current sensor which has the wide bandwidth. The transformer current is 
synchronized with the switching carrier by SVM. The switching signal for 
the zero vector is selected to reduce the output current up to zero. In order to 
achieve the proposed two-step commutation, the transformer current is 
required to reach zero-current until the end of the zero vector. The output 
voltage is clamped by the grid voltage during the zero vector when the 
current path is connected from the transformer to the grid voltage. After that, 
the transformer current and voltage are also zero. In other words, the current 
estimation is achieved because the current direction and switching carrier are 
synchronized by the commutation sequence.  
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Fig. 5.4. Current estimation method.  
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5.3. Commutation Sequences 
The output current keeps to zero regardless of the switching states of Stp 
and Snr. The output voltage is also clamped to zero because the inductor 
current at DC side is circulated at the diode rectifier in secondary side during 
zero-vector state. The commutation failure occurs by next commutation 
sequences when the output current is not zero. The time tl should be shorter 
than zero-vector state from t4 to t6 to suppress the commutation failure. 
Figure 5.5 shows the half-cycle operation of one switching period 
including commutation in sector I. The relationship of phase-voltage is vr > 
vs > vt. The inductor current Idc is assumed to be ideal as no ripple current. 
(i) t0 - t1 Srp and Snt are on, whereas the output current direction is 
positive. Therefore, Spr and Stn can only conduct the current through the 
diode connected anti-parallel with the switching devices. 
(ii) t1 - t2 Ssp is turned-on. The current flow does not change because 
the R-phase voltage is higher than the S-phase voltage.  
(iii) t2 - t3 Srp is turned-off. The output voltage is changed from Vmax-
phase to Vmid-phase. This matrix converter successfully outputs vector V2. 
(iv) t3 - t4 Stp and Snr is turned-on, whereas the output current direction 
is still positive.  
(v) t4 - t5 Ssp and Snt is turned-off. The output voltage polarity is 
changed to be opposite of the output current. Thus, the output current 







=  .......................................................................... (5.2) 
where N is the turn ratio of the transformer, Ll is the leakage inductance 
of the transformer, vmc is the single-phase output voltage, and Idc is the 
output current at dc side. The output voltage during tl is the line to line 
voltage between Vmax -phase and Vmin -phase to minimize the time tl. This 
output voltage during tl is error. However, this output voltage error is 
ignored because this period is lower than 1/10 of a dead-time using the 
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small leakage inductance and the high output voltage. 
(vi) t5 - t6 The output current keeps to zero regardless of the switching 
states of Stp and Snr. The output voltage is also clamped to zero because 
the inductor current at DC side is circulated at the diode rectifier in 
secondary side during zero-vector state. The commutation failure occurs 
by next commutation sequences when the output current is not zero. The 
time tl should be shorter than zero-vector state from t4 to t6 to suppress 
the commutation failure. 
(vii) t6 - t7 Stp and Snr can safely turned-off because the output current has 
become zero when the time tl is shorter than zero-vector state. 
(viii) t7 - t8 Srn and Spt are turned-on and the matrix converter outputs the 
negative voltage. 
In consequence, the proposed two-step commutation operates the matrix 
converter without any commutation failures regardless of the detection 
voltage error at the input voltage.  
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(a) Voltage error with proposed commutation sequence. 
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(h) t6- t7   (i) t7- t8 
Fig. 5.5. Mode analysis during half cycle of one switching period.  
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Figure 5.6 shows the proposed two-step commutation sequence. The 
output voltage error due to the dead time is considered. The delay of one-
step time occurs from the first step to the second step as shown in Figure 5.2 
(a) when the matrix converter transits from an input phase to another input 
phase in the positive output current. In the transition from the zero-vector 
state to another input phase, all switches have to be turned-off at the first step. 
Similarly, the delay of one-step time occurs from the first step to the second 
step as shown in Figure 5.2 (b). Consequently, the compensation for the 
voltage error due to the delay of one-step time of the proposed two-step 
commutation is similar to that in the back-to-back converter, which is 
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5.4. Implementation of Proposed Two-step 
Commutation  
Table 5.1 shows the switching table for the proposed two-step 
commutation. The switching table depends on the sector and the selected 
output vector. The switching pulse of the same vector is changed by the 
sector. According to the principle of the proposed two-step commutation as 
shown in Figure 5.3, the gate signals are decided for the six bidirectional 
switches. For example, the output vector I1 is selected in the sector I, Srp, Stp 
and Stn are turned-on. Ssp, Srn and Ssn are turned-off. The two conventional 
methods, voltage-based and current-based four-step commutation, are 
compared with the proposed commutation sequence. 
Figure 5.7 shows the gate signal generation for the proposed two-step 
commutation which requires the complex commutation algorism as the four-
step commutation because the proposed two-step commutation only uses a 
switching table and the current direction estimation. First, the - references 




* based on the grid phase from the three-phase grid voltage. Next, 
the three current space vectors in the sector where the current reference are 
selected. Then, the switching pattern is generated based on Table 5.1 using 
the selected sector and current vector. The one of two devices in the bi-
directional switches is operated by the gate signals depending on the 
estimated current direction. Another one of that is turned-off during half 
cycle of the switching frequency. Finally, the short-pulse in the gate signals 
is masked because the short-pulse width more than the sum of the raise time 
and the turn-on delay time required between the switching and next 
switching on the three-phase to single-phase matrix converter. 
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5.5. Simulation and Experimental Results 
Table 5.2 shows the simulation and experimental conditions for 10 kW-
prototype. The switching devices at the three-phase to single-phase matrix 
converter uses IGBT (MITSUBISHI ELECTRIC: CM400C1Y-24S). The 
dead-time td is decided by the switching characteristics of IGBT. The sum of 
the raise time and the turn-on delay time of this IGBT is shorter than 1.0 s. 
Therefore, the dead-time of the conventional and proposed commutation sets 
to 1.0 s. A snubber resister of 60 k is designed to suppress a snubber 
voltage of 400 V. 
5.5.1 Safety operation 
Figure 5.8 (a), and Figure 5.8 (b) show the experimental waveforms of 
the three-phase to single-phase matrix converter at 10 kW with the voltage-
based four-step commutation based on the grid voltage polarity and the 
proposed two-step commutation respectively. Both commutation sequences 
achieve a unity power factor for the U-phase voltage and U-phase current. 
However, the commutation failure occurs in the critical area where the 
relationship of the grid voltages changes in the conventional commutation 
sequence. Because, the detected voltage and actual voltage are difference due 
to the delay of the voltage detection. As a result, the peak of the short-current 
in the matrix converter is approximately 220 A. Consequently, the life time 
and the reliability of the switching devices is decreased. In addition, the grid 
current is distorted by the commutation failure. On the other hands, the 
proposed method based on estimation of the current direction achieves to 
avoid short-circuit at the grid voltage. Consequently, the grid current THD 
of 2.9% is achieved regardless of the delay of the voltage detection. In 
addition, the short-current in the matrix converter is always suppressed by 
the proposed two-step commutation. 
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Table 5.2. Simulation and Experimental condition. 
Carrier frequency 20 kHzfc




tdCommutation time 1.0 µs
Cin (%Y)
vac 200 VThree-phase AC voltage
350 H(2.3%)
11 F(4.7%)
Rated output power Pout 10 kW
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irp 100[A/div] < 150 A
 
(b) Proposed two-step commutation 
Fig. 5.8. Comparison of drain-source current of matrix converter with delay 
of voltage detection. 
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5.5.2 Grid Current Harmonics at Low to High DC Voltage 
Figure 5.9 (a) and Figure 5.9 (b) show the experimental waveforms with 
the voltage-based four-step commutation, and the extended waveforms at 
high modulation index, respectively. The grid current has low THD of 4.9% 
and high-power factor as 0.99. The conventional duty compensation is 
affected by the current direction at the end of the zero-voltage period. 
However, the transformer current is circulating in the matrix converter in the 
zero-voltage period. In Figure 5.9 (b), the transformer current becomes zero 
at the end of the zero-voltage period. If the transition power or the leakage 
inductance is higher, the current direction of the transformer current still 
positive or negative. In other words, the conventional duty compensation is 
not applicable because of the current direction depends on the transition 
power. 
Figure 5.10 (a) and Figure 5.10 (b) show the experimental waveforms 
with the proposed two-step commutation, and the extended waveforms at 
high modulation index, respectively. In the proposed commutation sequence, 
the current direction at the end of the zero-voltage period is zero. It is clear 
that the transformer current at the zero-vector state quickly decreases to zero 
thought the grid side. The surge voltage when all switches turn-off does not 
occur because of the transformer current is zero. Therefore, proposed two-
step commutation achieves with the current direction estimation. The 
proposed two-step commutation method operates the matrix converter 
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Input current ir 50[A/div]
Single-phase output current imc 100A/div
Input voltage vr 250[V/div]





Fig. 5.9.(b)  
(a) Input and output waveforms of matrix converter.  
10[s/div]
Input current ir 50[A/div]
Single-phase output current imc 
Input voltage vr 250[V/div]





Current direction : Negative
100A/div
 
(b) Zoomed in (a). 
Fig. 5.9. Conventional voltage-based four-step commutation with high 
modulation index (MI = 0.85) at rated power 10 kW. 
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Input current ir 50[A/div]
Single-phase output current imc 100A/div
Input voltage vr 250[V/div]





Fig. 5.10(b)  
(a) Input and output waveforms of matrix converter.  
10[s/div]
Input current ir 50[A/div]
Single-phase output current imc 100A/div
Input voltage vr 250[V/div]







(b) Zoomed in (a). 
Fig. 5.10. Proposed two-step commutation with high modulation index (MI 
= 0.85) at rated power 10 kW. 
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Figure 5.11 shows the characteristics of the grid current THD with each 
commutation method at the high modulation index. The input current THD 
of the proposed two-step commutation is similar to the conventional voltage-
based four-step commutation. The grid current THD is lower than 5.0% with 
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Proposed two-step commutation














1p.u. = 10 kWModulation index 0.85
 
Fig. 5.11. THD characteristics with high modulation index (MI=0.85). 
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Figure 5.12 (a)-(b) show the experimental waveforms with the 
conventional voltage-based four-step commutation, and the extended 
waveforms at low modulation index, respectively. The input current is 
distorted by the masking of the short-pulse.  
Figure 5.13 (a)-(b) show the experimental waveforms with the proposed 
commutation, and the extended waveforms at low modulation index, 
respectively. It confirms from this result that the proposed two-step 
commutation method operates the matrix converter regardless of the 
modulation index. 
Figure 5.14 shows the distortion characteristics of each commutation 
methods at the low modulation index. The input current THD of the proposed 
two-step commutation is 7.7% at 10 kW. In the low modulation index, the 
proposed two-step commutation has the high performance in comparison 
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Input current ir 50[A/div]
Single-phase output current imc 100A/div
Input voltage vr 250[V/div]





Fig. 5.14(b)  
(a) Input and output waveforms of matrix converter  
10[s/div]
Input current ir 50[A/div]
Single-phase output current imc 100A/div
Input voltage vr 250[V/div]







(b) Zoomed in (a). 
Fig. 5.12. Conventional voltage-based four-step voltage commutation with 
low modulation index (MI = 0.30) at rated power 10 kW. 
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Input current ir 50[A/div]
Single-phase output current imc 100A/div
Input voltage vr 250[V/div]





Fig. 5.15(b)  
(a) Input and output waveforms of matrix converter.  
10[s/div]
Input current ir 50[A/div]
Single-phase output current imc 100A/div
Input voltage vr 250[V/div]







(b) Zoomed in (a). 
Fig. 5.13. Proposed two-step commutation with low modulation index (MI = 
0.30) at rated power 10 kW. 
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Fig. 5.14. THD characteristics with low modulation index (MI=0.30). 
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5.5.3 Output Voltage Error 
Figure 5.15 shows the output voltage error of each commutation method. 
The output voltage error of the matrix converter is less than 0.4% regardless 
of the variation of modulation index. The accurate voltage regulation is 
achieved by the proposed two-step commutation method which is 
unnecessary to compensate the voltage error.  
Figure 5.16 shows the distortion characteristics of each commutation 
methods against the modulation index at rated 10 kW. The input current THD 
of the proposed two-step commutation is 7.7% at 10 kW. The output voltage 






























fsw = 10 kHz, td = 1 s, 1p.u. = 0.866
 




























Fig. 5.16. Comparison of grid current THD with each commutation method 
against modulation index. 
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5.5.4 Efficiency 
Figure 5.17 shows the efficiency characteristics of each commutation 
methods. The efficiency characteristics with the conventional voltage-based 
four-step commutation and proposed two-step commutation are almost same. 
It is clear that the switching loss of the matrix converter is not increased to 
improve the input current THD by applying the proposed commutation.  
Figure 5.18 shows the loss analysis results at the rated power 10-kW. 
First, the snubber loss is calculated by the snubber resister and a snubber 
voltage from the experimental result. Next, the switching loss is calculated 
by the simulation of PLECS using the switching characteristics of switching 
devices. Then, the conduction losses of the matrix converter and the diode 
rectifier are calculated based on a collector-emitter voltage vce and the 
forward voltage from a date-sheet. However, the ripple component in the DC 
current is neglected to simplify the loss analysis. Finally, the losses of the 
transformer and DC inductor are the deference between the total loss from 
the experimental result and other calculated loss: the snubber loss, the 
switching loss, and the conduction loss. 
Figure 5.19 shows the calculated efficiency and loss analysis with the 
DC voltage variation. The heat sinks for the switching devices are designed 
using the DC voltage range and the calculated losses. The heat sink can be 
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Fig. 5.18. Loss analysis result under DC voltage variation. 
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(b) Loss characteristics  
Fig. 5.19. Calculated efficiency characteristic under DC voltage variation. 
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5.6. Conclusion 
In this chapter, the two-step commutation sequence was proposed in the 
buck-type matrix converter. Compared to the conventional two-step 
commutation and voltage-based four-step commutation, the proposed two-
step commutation is always the safety operation regardless of the voltage 
detection error. In addition, the commutation algorithm of the proposed two-
step commutation is much simpler than the conventional commutation. 
Therefore, the simple control hardware is employed for the matrix converter 
with the proposed two-step commutation. Furthermore, the accurate voltage 
regulation is achieved by the proposed commutation sequence regardless the 
voltage error due to the dead-time. From the experimental results, the grid 
current THD with the proposed two-step commutation is improved by 38% 
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This chapter presents a new vector sequence based on delta-sigma 
modulation for the accurate voltage regulation to improve the grid current 
quality. The voltage error on the inverter output voltage is caused by the zero 
voltage in the DC link with a conventional SVM. The proposed vector 
sequence uses a quantizer to select a voltage vector that minimizes the 
voltage error. In addition, the vector sequence is synchronized with the zero 
voltage of the DC link part of the indirect matrix converter to achieve ZVS. 
The soft switching conditions of the primary and secondary converters are 
clarified. The experiments on a 3-kW prototype converter demonstrate the 
usefulness of the proposed method to reduce the voltage error and switching 
loss in bidirectional operation. 
This chapter is organized as follows: first, in chapter 6.2, the classic 
delta-sigma modulation is reviewed and the vector sequence using delta-
sigma modulation is proposed. Next, in chapter 6.3, the soft-switching 
methods for the primary, secondary, three-phase converter are presented. In 
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chapter 6.4, simulation, and experimental results are presented to verify the 
effectiveness in terms of the reduction of the voltage error, the grid current 
quality, switching loss, and efficiency. After that, in chapter 6.5, the 
efficiency and loss of the conventional and proposed system are estimated 
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6.2. Proposed Vector Sequence 
6.2.1 Circuit Configuration  
Figure 6.1 shows the circuit configuration of the boost-type matrix 
converter. This circuit consists of a primary converter, a transformer for 
isolation, secondary converter, a three-phase converter and RCD snubber 
circuit using a capacitor with a small capacity. The boost-type matrix 
converter includes an isolated DC-DC converter. Therefore, it is obvious that 
the inverter at the primary side achieves ZVS in the same manner with past 
works about isolated DC-DC converters [6-1]. In addition, PDM used in the 
conventional circuit is applied to the inverter part of the indirect matrix 
converter in order to achieve ZVS at secondary side. As a result, the proposed 
system achieves high efficiency because the proposed system achieves ZVS 
is accomplished at both the primary and the secondary inverters. In addition, 
the features of the boost-type matrix converter which is long life time and 
reduced volume owing to the absence of the large DC-link capacitor and 
initial charging circuit are not required. The control method of the inverter at 
primary side is the phase-shift control same as the one of the conventional 
circuits. A clamped RCD snubber circuit is used to prevent the surge voltage 
because an energy buffer is needed between the leakage inductance of the 
transformer and the boost inductor L to achieve ZVS of the primary and 
secondary converters. The RCD snubber circuit absorbs the energy of the 
resonance between the leakage inductance of the transformer and parasitic 
capacitances of the secondary converter. The clamped RCD snubber circuit 
is designed so that the steady-state loss of the snubber circuit is less than 
0.1% of the rated power. 
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(b)Indirect matrix converter 
Fig. 6.1. Circuit configurations of boost-type matrix converter 
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6.2.2  Delta-sigma Modulation 
A delta-sigma ADC generally comprises a delta-sigma modulator, 
followed by a decimation filter. Delta-sigma modulation is one of the most 
effective forms of conversion in the data converter world [6-2]-[6-3].  
Figure 6.2 shows principle of Delta-sigma modulation. Delta-sigma 
modulation converts an analog input to a digital output. If the analog input is 
a sinusoidal voltage command, the digital output is represented as a pulse 
with high density at large amplitudes and low density at small amplitudes. 
From Figure 6.2(b), the amplitude of the input voltage is converted to the 
density of the output pulses. Furthermore, only the low-frequency 
component of the pulse density signal is extracted when the digital signal is 
demodulated to the original analog signal. This configuration is implemented 
on a small scale because it can be composed of an integrator, quantizer, and 
DAC. In the proposed vector sequence, delta-sigma modulation is used to 











(a) Delta-sigma modulator. 
Analog input Digital output
 
(b) Convert from analog to digital 
Fig. 6.2. Principle of Delta-sigma modulation 
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6.2.3 Vector Sequence Based on Delta-sigma Modulation  
This chapter describes the proposed vector sequence based on delta-
sigma modulation. As a precondition, the DC link voltage between the 
secondary converter and the three-phase converter is required to be a voltage 
waveform that includes a zero voltage. The period of the voltage pulse 
including the zero voltage is constant period of delta-sigma modulation. In 
the proposed vector sequence, ZVS of the three-phase converter is achieved 
to synchronize the switching to the zero voltage of the DC link.  
In conventional SVM, eight vectors, consisting of six active vectors and 
two zero vectors, can be selected due to the limitations of the switching 
pattern of the three-phase converter. In Sector I, the voltage reference vector 
Vref consists of three voltage space vectors V1, V2, and Vz (V0 or V7). The 
voltage space vectors are symmetrically allocated in each control period as 
V0 – V1– V2– V7– V2– V1– V0 with the minimum total switching transitions. 
However, the voltage error occur because of the DC voltage has zero voltage 
periods. Therefore, the proposed vector sequence based on delta-sigma 
modulation provides a voltage vector with a minimum output voltage error.  
Figure 6.3 shows the quantizer of the proposed vector sequence based on 
delta-sigma modulation. First, the differences Ve and Ve between the 
voltage reference and the selected voltage vector is input to the quantizer. 
The quantizer selects the voltage vector that has the smallest integrated error. 
Next, the voltage errors V V and V for selecting the voltage vectors 
of two active vector and zero vector, are calculated by  
2 2 2 2
1 1 1






V v v v v
V v v v v
V v v
   
   
 
 =  + +  +
 =  + +  +
 =  + 
 ......................................... (6.1) 
where, v1 and v2 are  comport of the active vectors V1 and V2, v1 and v2 
are  comport of the active vectors V1 and V2. Finally, the voltage vector with 
the smallest voltage error is selected. 
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(b) vector sequence in quantizer 
Fig. 6.3. Proposed vector sequence based on delta-sigma modulation. 
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6.3. Bi-directional Operation with Soft Switching  
The power flow from the DC side to the three-phase AC side is defined 
as discharge operation, and the power flow from the three-phase AC side to 
the DC side is defined as charging operation. The DAB-type matrix 
converter transmits power by adjusting the phase difference between the 
output voltage of the matrix converter and the inverter. The switching 
sequence for soft switching has been proposed according to the current 
direction of the high-frequency link and the applied voltage of each bi-
directional device [6-1]. However, the soft switching range is limited by the 
DC voltage and the transmission power. Another problem is that the 
circulating current increases when the ratio of input/output voltage is 
different from the turn ratio of the transformer. Therefore, the operating 
conditions for driving the DAB-type matrix converter with high efficiency 
are limited.  
In the boost-type matrix converter, the grid current can be assumed 
constant if the switching frequency is sufficiently higher than the grid 
frequency because the inductance of the boost inductors is large. The primary 
and secondary converters are driven in an open loop. The current direction 
of the high-frequency link is uniquely determined by controlling the power 
flow through the three-phase converter. Since the current direction of the 
high-frequency link is estimated, the soft switching operation is achieved 
without a current sensor. Furthermore, the circulating current is suppressed 
by applying PDM to adjust the pulse density even when the ratio of 
input/output voltage is different from the turn ratio of the transformer, In the 
proposed switching loss reduction method, the control of the primary and 
secondary converters is switched at each charge/discharge operation. The 
secondary converter during discharge operation and the primary converter 
during charging operation are driven in an open loop with a duty of 50%, 
respectively. The primary and secondary converters have a dead time and an 
overlap time, respectively. 
Chapter 6: Vector Sequence Strategy for Accurate Voltage Regulation in Boost Type 
Matrix Converter 
 | 163 
 
6.3.1  Switching Sequence at Primary Converter 
Figure 6.4 shows a control block diagram of the primary converter during 
discharge operation. The phase-shift control is applied to the primary 
converter in order to provide the zero-voltage period in the DC-link voltage, 
which is necessary to achieve ZVS in the three-phase converter. The 
switching signals of phase B are the signals that delays the switching signal 
of phase A by the phase shift amount 1. The zero-voltage period is decided 
by adjusting the phase difference 1 between each carrier. 
Figure 6.5 (a) shows the operating mode of the primary converter, and 
Figure 6.5 (b) shows the switching signals, drain-source voltages and drain-
source currents of the primary converter and the three-phase converter in 
each operating mode. The primary converter achieves simultaneous 
generation of the zero voltage periods and ZVS using the parasitic 
capacitance Cds of each switching device and the leakage inductance Ll of 
the transformer. Since the operating mode in a single switching cycle repeats 
the same behavior every half cycle, the mode analysis is performed for the 
half cycle only.  
Mode 1: Power transition mode. The output voltage of the secondary 
converter becomes Vdc with the turn-on of the Sap.  





















Fig. 6.4. Logic Circuit of primary converter with discharge mode. 
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the parasitic capacitance Cds of Sbp. Ignoring the effects of transformer 
magnetizing inductance Lm and load inductance L1 for simplicity, the 
condition of the transformer current Iinv_lim to achieve ZVS in each arms of 








  ...................................................................... (6.2) 
Mode 3: Zero voltage mode. Turn-on ZVS is achieved if the equation 
(6.2) is satisfied when Sbp is turned on and the voltage of the parasitic 
capacitance is zero. ZVS is achieved by synchronizing the switching of 
three-phase converters because the DC intermediate voltage becomes zero in 
Mode 3.  
Mode 4: Dead-time mode. The transformer current il circulates through 
the parasitic capacitance of San. In the next half cycle, the operation is the 
same as Mode 1 to 4, and ZVS of the primary converter is also achieved if 
equation (6.2) is satisfied at turn-on. 
Turn-on ZVS is achieved for all switches of the primary converter under 
load conditions where equation (6.2) is satisfied. It is also possible to 
generate a zero-voltage period for ZVS at the three-phase converter 
simultaneously with ZVS.  
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(b) Operation waveforms during half period of one switching cycle.  
Fig. 6.5. Soft-switching operation of primary converter with discharge mode. 
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6.3.2  Switching Sequence at Secondary Converter 
The equivalent circuit including the grid voltage, the boost inductors and 
the three-phase converter is treated as a current source. In other words, the 
current source is open and an excessive surge voltage is generated when all 
the upper or lower arms of the secondary converter are turned off. Therefore, 
the secondary converter is driven with an overlapping period, rather than a 
dead time. 
Figure 6.6 shows a control block diagram of the secondary-side converter. 
First, the switching signal of 50% duty is obtained by the carrier comparison. 
An overlap period of  is generated by the logical sum of the switching 
signal and the switching signal delayed by  using a delay circuit.  
Figure 6.7 (a) shows the operation mode of the secondary converter, and 
Figure 6.7 (b) shows the voltage and current waveforms of the secondary 
converter in each operation mode. The operation of the secondary converter 
is represented by the following four modes. Each mode is explained using 
the equivalent current source with the instantaneous current i of the DC 
section of the three-phase converter. 
Mode 1: Power transmission mode. The transformer current flows from 
the current source through Scp, transformer, and Sdn. The transformer current 
is equal to the current source i. 
Mode 2: Overlap mode. Scn and Sdp turn on. Then, all switches of the 














Fig. 6.6. Logic Circuit of secondary converter with charge mode. 
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source splits into two phases C and D. On the other hand, the transformer 
current circulates in the secondary converter. The drain-source currents of 
Scn and Sdp are zero because the sum of the current from the current source 
and the transformer current is also zero. Zero current switching (ZCS) is 
achieved at turn-on of Scn and Sdp. However, no-load losses occur due to the 
non-discharge of the voltage of the parasitic capacitance to zero. The time Δt 
for the transformer current to reach zero is expressed by  






 =  ...................................................................... (6.3) 
where Vdc is the primary DC voltage. The magnetizing inductance of the 
transformer is ignored because it is sufficiently larger than the leakage 
inductance.  
Mode 3: Zero voltage mode. During the overlap of the secondary 
converter, the DC link voltage becomes zero at the same time the transformer 
current becomes zero. Therefore, it is necessary to complete the switching of 
the three-phase converter during Mode 2 and Mode 3 to perform ZVS with 
the three-phase converter. The overlap period is set to be longer than the turn-
on or turn-off time of the three-phase converter. The overlap period needs to 
be set considering the time Δt until the transformer current reaches zero and 
the switching characteristics of the three-phase converter. The overlap time 
to2 is expressed by equation (6.4) using equation (6.3) and the switching 
characteristics of the three-phase converter side MOSFETs 
( ) ( ) 3 2 ( ) ( ) 32( )r f on off d o r f on off dt t t t t t t t + + +   + +  ...................... (6.4) 
where tr(f) is the rise or fall time of the MOSFET, ton(off) is the turn-on or turn-
off delay time, and td3 is the dead time of the three-phase converter. The turn-
on characteristic of the MOSFET or the turn-off characteristic of the 
MOSFET, whichever is later, is set as td3. In addition, the overlap period is 
set with a margin of two times the switching time to avoid the problem of 
increased circulating current if the overlap period is too long.  
Mode 4: Overlap mode. A hard-switching occurs at the turn-off of the 
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secondary-side converters Scp and Sdn. To further reduce the switching loss, 
a capacitor needs to be inserted in parallel with the switching devices. 
However, the loss due to the hard-switching needs to be designed to be 
minimized because of the trade-off with the no-load loss in Mode 2 as 
described earlier, but this is not discussed in this thesis. The snubber voltage 
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(b) Operation waveforms during half period of one switching cycle 
Fig. 6.7. Soft-switching operation of secondary converter with charge mode. 
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6.3.3  Switching Sequence at Three-phase Converter 
Figure 6.8 shows a control block diagram of the three-phase converter. 
The phase  = 0 is defined as the phase that is the maximum value of the U-
phase voltage. The current references, id* and iq*, represent the active and 
reactive current reference, respectively. The proposed vector sequence based 
on delta-sigma transformation is applied to control the grid current in a 
sinusoidal waveform in the three-phase converter. The optimum voltage 
space vector selected by the quantizer shown in Figure 6.3(b) is updated 
synchronously with the zero-voltage period of the DC link part. Therefore, 
the switching operation of the three-phase converter achieves ZVS in 
synchronization with the zero voltage. The proposed vector sequence outputs 
a sinusoidal wave by adjusting the density of pulses of constant width. In this 
paper, the constant-width pulse is used as the minimum unit of the output 
voltage waveform for the three-phase converter.  
The signal CLK to synchronize the switching timing of the three-phase 
converter with the zero-voltage period can be generated using the carriers of 
the primary and secondary converters and a delay circuit with a delay z. This 





 = +  ................................................................................. (6.5) 
The switching pulses are generated by updating the quantizer at every CLK 
to synchronize the switching and zero voltage periods. 
The switching pattern corresponding to the output voltage vector is 
selected. In the conventional vector sequence, the vector that minimizes the 
total number of switching cycles in one cycle is selected.  
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6.4. Simulation and Experimental Results 
Table 6.1 shows the simulation and experimental conditions. SiC 
MOSFETs (ROHM: SCH2080KE) with a rated voltage of 1200 V and a 
rated current of 40 A is used as the switching device for each converter.  
The total switching-on period of the secondary converters is set to 400 ns 
with consideration of the equation (6.4) and a margin for the sum of the 
switching times of the devices. The sampling period is 25 s. The rated 
current reference values are id* = 12.4A (1p.u.) and iq* = 0A (0p.u.), 




Table 6.1 Simulation and experimental conditions 
DC voltage 400 VVdc
Carrier frequency of inverter 40 kHzfc_inv
Turn ratio of transformer 1:1N1:N2
Phase-shift of primary inverter 1
Element ValueSymbol
Interconnected inductance L(%Z) 3 mH(5.0%)








Dead time of primary inverter td1 300 ns
Dead time of three-phase inverter td3 100 ns
Overlap of secondary inverter 
vac 200 VThree-phase AC voltage
.9 rad
.5 rad
to2Overlap time of secondary inverter 200 ns
Rated power 3 kW
Snubber capacitance Csnu 20 F
Snubber capacitance Rsnu 60 kW
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6.4.1. Grid-tied Operation 
Figure 6.9 (a) shows the over view of the transformer voltage, DC link 
voltage, U-W line voltage and U-phase current. The grid current is controlled 
to a sinusoidal waveform by proposed vector sequence.  
Figure 6.9 (b) is an expanded view of Figure 6.9 (a) to 200 s/div. The 
pulse density at the line to line voltage is low when the voltage reference is 
near zero. On the other hand, as the voltage reference is increased, the pulse 
density also increases. The line to line voltage is output as a sinusoidal 
voltage by adjusting the density of the voltage pulses.  
Figure 6.9 (c) is an expanded view of Figure 6.9 (b) to 10 s/div. Three 
levels of voltage are generated by the primary and secondary converters for 
the transformer voltage. The DC link voltage becomes a pulsed waveform 
by rectifying the transformer voltage. The pulse voltage is allocated properly 
to the line to line voltage by the proposed vector sequence. The surge voltage 
of the transformer voltage is generated at the turn-off of the primary 
converter. The frequency component of the surge voltage agrees with the 
resonance frequency between the leakage inductance and the parasitic 
capacitance of the switching devices. 
Figure 6.10 shows the U-phase voltage and current and the W-phase 
voltage and current with the charge and discharge operation. The phase of 
the voltage and current are equal, and the boost-type matrix converter 
operates with unity power factor. In addition, there is no unbalance in the 
phase current of each phase. the gird current THD of 3.1% is achieved at the 
rated power 3-kW. The phase current during the charge operation is phase-
inverted compared to the phase current during the discharge operation. 
Therefore, the bidirectional operation with the low THD in the boost-type 
matrix converter is verified by the proposed vector sequence. 
 
 
Chapter 6: Vector Sequence Strategy for Accurate Voltage Regulation in Boost Type 
Matrix Converter 







Transformer voltage v2 500 V/div
DC-link voltage vlink 500 V/div
Line to line voltage vuw 500 V/div
U-phase current  iu 20 A/div 10 ms/div  





Transformer voltage v2 500 V/div
DC-link voltage vlink 500 V/div
Line to line voltage vuw 500 V/div
U-phase current  iu 20 A/div 200 s/div
 





Transformer voltage v2 500 V/div
DC-link voltage vlink 500 V/div
Line to line voltage vuw 500 V/div
U-phase current  iu 20 A/div 10 s/div
 
(c) Zoomed in (b). 
Fig. 6.9. Operation waveforms with proposed vector sequence. 
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U-phase voltage 250 V/div
U-phase current 20 A/div
W-phase voltage 250 V/div
W-phase current 20 A/div
4 ms/div
 





U-phase voltage 250 V/div
U-phase current 20 A/div
W-phase voltage 250 V/div
W-phase current 20 A/div
4 ms/div
 
(b) With charge mode 
Fig. 6.10. Grid current waveforms on bi-directional operation at rated 3-kW. 
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Fig. 6.11 shows the evaluation results of the grid current quality when 
the proposed vector sequence is applied. The grid current THD in rated 
power is less than 5.0%, 3.1% in the discharge operation and 3.8% in charge 
operation. It is verified that the proposed vector sequence based on delta-
sigma modulation reduces the voltage error and achieve a grid 
interconnection without current distortions, regardless of the power flow.  
The minimum output voltage with the proposed vector sequence based on 
delta-sigma modulation is one pulse. The resolution of the quantizer depends 
on the pulse width. In other words, a large voltage error occurs with a long 
pulse width. In particularly, the grid current quality is decreased in the light 
load. On the other hand, reducing the pulse width can increase the resolution 
and reduce the voltage error. Therefore, the voltage error and grid current 
distortions are suppressed by increasing the switching frequency. 
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(a) THD characteristics 

















(b) Power factor  
Fig. 6.11. Grid current quality on bi-directional operation with proposed 
vector sequence. 
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6.4.2. Reduction of Switching Loss 
Figure 6.12 (a) shows the gate-to-source voltage waveforms, drain-
source voltage and current waveforms of Sap and Sbn of the primary converter 
during the discharge operation. In this paper, ZVS operation is defined as 
accomplished when the gate signal rises when the drain-source voltage is 
zero. The drain-source capacitance Cds of each MOSFET and the leakage 
inductance of the transformer lead to a drain-source voltage discharge to 0 
V, then the MOSFETs are turned on. Therefore, ZVS is achieved on both 
legs of the primary converter during discharge operation by using the 
proposed sequence as shown in Figure 6.12 (a).  
Figure 6.12 (b) shows the gate-to-source voltage waveforms, drain-
source voltage and current waveforms of the Scp of the secondary converter 
during the charge operation. In the charge operation, the zero-voltage period 
is generated in the DC link voltage by the overlap for the switching signal of 
the secondary converter. In the secondary converter, both turn-on and turn-
off are hard-switching. However, the drain-source current at turn-off is 
suppressed to half of the steady-state current, so the switching loss can be 
reduced.  
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Drain-source voltage of Sbn 200V/div
Gate-source voltage of Sbn 25V/div
Drain-source voltage of Sap 200V/div
Gate-source voltage of Sap 25V/div
 






Gate-source voltage 20 V/div
Drain-source voltage 500 V/div




(b) Secondary converter with charge mode. 
Fig. 6.12. Experimental waveforms for soft-switching operation in primary 
and secondary converter. 
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Figure 6.13 (a) shows the DC link voltage and the gate-to-source voltage, 
drain-source voltage and drain-source current of the three-phase converter 
Sup with the discharge mode. From Figure 6.9(a), the DC link voltage 
becomes a pulsed waveform with zero voltage by the phase shift control to 
the primary converter. The voltage vector is selected by the proposed vector 
sequence based on delta-sigma modulation to synchronize the switching of 
the three-phase converter with this zero-voltage period. Both the turn-off and 
turn-on of the three-phase converter are synchronized with the zero voltage, 
indicating that the proposed sequence is working properly. ZVS in the three-
phase converter is achieved over the entire load range because the zero-
voltage period can be generated independent of the transmission power. 
Figure 6.13 (b) shows the DC link voltage and the gate-to-source voltage, 
drain-source voltage and drain-source current of the three-phase converter 
Sup with the charge mode. The three-phase converter is turned-off when the 
drain-source voltage is zero. At turnoff, the drain source current flows in a 
negative direction. This is the current flowing through the body diode of the 
MOSFET. The drain-source current at turn-off flows through the body diode 
of the MOSFET. The charge stored in Cds is discharged from Cds before the 
next turn-on and no switching loss occurs. These experimental results show 
the usefulness of the proposed vector sequence using delta-sigma modulation 
to switch the three-phase converter synchronously with the zero voltage 
period. 
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(b) With charge mode 
Fig. 6.13. Experimental waveforms for soft-switching operation in three-
phase converter. 
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6.4.3. Efficiency 
Figure 6.14 shows the efficiency characteristics of the charge and 
discharge operation including the boost inductors when the proposed vector 
sequence is applied to the boost-type matrix converter. The maximum 
efficiency of 95.0% is achieved in the charge and discharge operations. The 
reason for the decrease in the efficiency in the light-load is because the 
switching losses of the primary and secondary converters increase. Changing 
the RCD snubber to a regenerative snubber reduces the snubber losses that 
dominate at light loads [6-3]. 
 
  
























Fig. 6.14. Efficiency characteristics on bi-directional operation. 
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6.5. Comparison Conventional and Proposed System  
Figure 6.15 shows an isolated DC-AC converter that combines a DAB 
converter and a three-phase converter. The configuration in Fig. 6.15 is 
defined as the conventional configuration. The switching device and the turn 
ratio of the transformer of each converter are the same as in the proposed 
system, as shown in Table 5.2. The switching frequency of the conventional 
three-phase converter is set to 80 kHz, which is the same as that of the three-
phase converter with proposed method, for the purpose of downsizing the 
boost inductors. The additional inductance of the high-frequency AC link 
part of the DAB converter is designed to achieve a phase angle of /3 at the 
rated power of 3 kW. The DC link voltage is controlled to 400 V by the phase 
shift of the DAB converter, and conventional SVM described in Chapter 2 is 




































Fig. 6.15. Circuit configuration of dual active bridge converter and three-
phase converter.  
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Figure 6.16 shows the results of the loss analysis at rated power using 
PLECS. The proposed method reduces the switching loss by up to 88.9% 
compared to the conventional configuration. In the conventional 
configuration, both the primary and secondary converters have turn-off 
losses in the turn-on ZVS region. Furthermore, in the conventional 
configuration, the switching loss of the three-phase converter cannot be 
reduced due to the constant DC voltage. By using the proposed vector 
sequence to the boost-type matrix converter, it is possible to reduce the 
switching losses in the primary and secondary converters and to achieve ZVS 
of the three-phase converter. The conduction losses in the DAB converter 
increase compared to the proposed system because the current circulating in 
the primary and secondary converters is greater than in the proposed system. 
However, the snubber loss occurs in the proposed system. The energy stored 
in the leakage inductance becomes a snubber loss. The snubber losses can be 
reduced to less than 0.1% of total losses by design. The electrolytic capacitor 
(Nippon Chemi-Con: EKMS501VSN470MP25S) was selected as the 
capacitor in the DC link part of the conventional circuit, which can tolerate 
the ripple current [6-4]. The volume of the snubber capacitor (TDK 
CAA573C0G3A993J640LH) in the proposed system is 66 cm3 compared to 
171 cm3 in the conventional system. The volume of the capacitor with the 
proposed vector sequence can be reduced to about 1/3 of the conventional 
volume. 
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(b) With charge mode 
Fig. 6.16. Loss analysis results of conventional and proposed system.  
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6.6. Conclusion 
In this chapter, the vector sequence based on delta-sigma modulation is 
proposed and the principle of voltage error reduction is explained.  In 
addition, the switching loss reduction method of the boost-type matrix 
converter in charging/discharging operation is proposed. In the proposed 
vector sequence, the voltage vector with the smallest voltage error is selected 
by the quantizer.  Furthermore, the quantization is synchronized with the 
zero voltage of the DC link, therefore all the switching of the three-phase 
converter achieves ZVS. By applying the phase shift control to the primary 
converter during discharge operation, the zero-voltage period is generated in 
the DC link and ZVS operation is achieved at the primary side. Similarly, by 
overlapping the switching of the secondary converter during charging 
operation, the zero-voltage period is generated in the DC link and ZVS 
operation is achieved at the secondary side. In primary and secondary 
converters, the parasitic capacitance of the switching device and the leakage 
inductance of the transformer are used to reduce the switching losses. 
Furthermore, the proposed method does not require a high-bandwidth 
current sensor to detect the current direction. 
From experimental results, THD of 5.0% or less is achieved by 
suppressing the voltage error in both charging and discharging operations. 
The maximum efficiency of 95.0% is achieved by ZVS operation of each 
converter during both charging and discharging operations. From the loss 
analysis, the usefulness of the proposed method is evaluated because the 
switching loss was reduced by 88.9% compared to the conventional systems 
using the isolated DC-DC converter and the three-phase AC-DC converter. 
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The isolated three-phase matrix AC-DC converter achieves a high-power 
density to remove the passive components. However, the voltage/current 
error due to the conventional commutation or vector sequence occurs in the 
isolated three-phase matrix AC-DC converter without the energy buffer. The 
voltage/current errors should be eliminated to achieve the high quality of the 
grid current. 
The motivation of this thesis is to accurate the voltage/current regulation 
for the isolated three-phase matrix AC-DC converters. Specifically, the 
voltage/current regulation with high accuracy is effective in improving the 
power density because the volume of the LC filter decreases. 
Chapter 2 reviews the state of arts of the current approaches to control 
the sinusoidal waveforms of the grid current in three-type matrix converter 
configuration. In the buck-type matrix converter, those approaches can 
improve the grid current quality under a high-switching frequency or a large 
DC inductor to smooth the DC current. However, a high-power density is 
prevented to increasing the switching frequency or the inductance due to the 
volume of a heat-sink and the inductor. The current error between the 
constant current reference and actual current with ripple component should 
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be eliminated to improve the current quality. In addition, the voltage error 
due to the commutation sequence occurs. Next, in the DAB-type matrix 
converter, the current error due to the approximation occurs on the same 
principle as in buck-type matrix converter. Finally, in the boost-type matrix 
converter, the conventional approaches are difficult to achieve the switching 
loss reduction and high current quality. Then, this thesis proposes new vector 
and commutation sequence strategies to reduce the voltage/current error with 
the DC voltage variation. The vector sequence focuses on the placement of 
the active vectors in switching cycle. The commutation sequence focuses on 
instantons voltage and current at switching timing. The vector sequence and 
commutation sequence are contained in the concept of the switch sequence.  
Chapter 3 describes the vector sequence for the buck-type matrix 
converter to reduce the current error in the buck-type matrix converter. The 
proposed method eliminates the ripple component by the combination of the 
current space vector during the positive and negative cycles of the high-
frequency current. The amplitude of the DC current ripple is clarified to 
design the inductor at dc side with the proposed method. The simulation and 
experimental results have verified the validity of the proposed vector 
sequence strategy, including (i) reducing the current error both in the 
continuous current mode and discontinuous mode, and (ii) lowering the grid 
current THD, and (iii) improving the efficiency.  
Chapter 4 describes the vector sequence to reduce the current error in the 
DAB-type matrix converter. The proposed vector sequence is implemented 
to use the duty calculation from the conventional SVM without a numerical 
calculation. Furthermore, the boundary conditions between CCM and DCM 
on the buck-boost and boost mode are clarified and can be reduced an RMS 
current of a high-frequency current by employing CCM. The simulation and 
experimental results have verified the validity of the proposed vector 
sequence for DAB-type matrix converter in terms of both the current error 
reduction and the low current distortion even the DC voltage variation plus 
or minus 20%. 
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Chapter 5 describes the proposed two-step commutation sequence to 
reduce the voltage error in the buck-type matrix converter. Compared to the 
conventional two-step commutation and voltage-based four-step 
commutation, the proposed two-step commutation is always the safety 
operation regardless of the voltage detection error. In addition, the 
commutation algorithm of the proposed two-step commutation is much 
simpler than the conventional commutation. Therefore, the simple control 
hardware is employed for the matrix converter with the proposed two-step 
commutation. Furthermore, the voltage error due to the dead-time is 
suppressed by the proposed commutation sequence without the duty 
compensation. The simulation and experimental results have verified the 
validity of the commutation sequence in terms of both of the voltage error 
reduction and simple algorism under any modulation index. 
Chapter 6 demonstrates the proposed vector sequence based on delta-
sigma modulation to reduce the voltage error in the boost-type matrix 
converter. In addition, the switching loss reduction method of the boost-type 
matrix converter in charging/discharging operation is proposed. In the 
proposed vector sequence, the voltage vector with the smallest voltage error 
is selected by the quantizer based on delta-sigma modulation. Furthermore, 
the quantization is synchronized with the zero voltage of the DC link, 
therefore all the switching of the three-phase converter achieves ZVS. The 
analytical, simulation and experimental results have verified the validity of 
the proposed three-level SVPWM in terms of the voltage error reduction, 
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7.2 Accuracy Evaluation 
The assumptions for accuracy evaluation are explained for comparison 
between the conventional and proposed methods. The voltage and current 
errors calculated by equations [2-18] and [2-19] fluctuate during the grid 
cycle. The maximum voltage/current errors at the rated load are defined as 
the maximum voltage/current error for the purpose of accuracy indicator. The 
accuracy is defined as the normalized value using the maximum 
voltage/current error and the rated voltage or current. The accuracy is zero 
percent as well when the maximum voltage/current error is zero. This means 
that high accurate voltage/current regulation is achieved by the sequences. 
The maximum voltage error and accuracy are calculated based on the 
theoretical equation and the experimental conditions in each chapter. The 
voltage/current error with step load is out of the scope of this discussion. The 
accuracy is evaluated under the ideal condition, which ignores the parasitic 
capacitance and the variation of the grid voltage. 
Table 7.1 lists the comparison of the conventional and proposed switch 
sequence strategies for the isolated matrix AC-DC converter. In chapter 3, 
the accuracy evaluation results for the buck-type matrix converter is 
described. The accuracy of the conventional method is 22.4% due to the 
current error caused by the current ripple. On the other hand, the proposed 
method achieves zero current error by canceling out the effect of the current 
ripple under ideal conditions. From the experimental results, it is verified 
that the grid current THD is improved by 61%. In chapter 4, the accuracy 
evaluation results for the DAB-type matrix converter is described. The grid 
current THD is based on the simulation result only for the conventional 
method of the DAB-type matrix converter. The other results about the grid 
current THD are the experimental results described in chapter 3,4,5, and 6. 
The approximated current error in the conventional method is canceled out 
by the proposed vector sequence. As a result, the grid current THD is greatly 
improved compared to the conventional method. In chapter 5, the voltage 
error due to the dead-time period occurs in the buck-type matrix converter 
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with the conventional voltage-based four-step commutation. In chapter 6, In 
PWM, there is no restriction on the timing of switching in one switching 
cycle, whereas in PDM, the switching must be done during the zero-voltage 
period. Thus, the duty ratio is expressed using the density of pulses in the 
conventional PDM based on PWM. The number of density levels is 
determined by the ratio of the frequency of the pulses to the switching 
frequency of the three-phase inverter. Increasing or decreasing the switching 
frequency does not reduce the current distortion due to the decrease in the 
density level and the increase in the low-order harmonic components. In the 
proposed method, the voltage space vector is selected to minimize the current 
error using delta-sigma modulation. From the experiment results, the grid 
current is improved by 28% compared to the conventional sequence. These 
results verified the usefulness of the proposed switch sequence for high-
accuracy voltage and current regulation. 
  
Table 7.1. Accuracy evaluation of conventional and proposed switch 














































Exp. = Experimental result, Sim. = Simulation result  
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7.3 Future Works 
This thesis has demonstrated that the proposed switch sequence 
strategies are capable of achieving the voltage/current reduction for the 
isolated matrix AC-DC converter. However, the proposed switch sequence 
strategies are still required further research to achieve high-performance of 
a battery charger system.  
7.3.1 Current Sampling Consideration 
The proposed vector sequence for the buck-type matrix converter 
reduces the current error under CCM and DCM operation. However, a 
sampling method of the average current is not clearly because the sampling 
current at the peak or bottom of the switching carrier is not average due to 
complex ripple components. This current sampling error is a disturbance of 
the controller to achieve a high accuracy current. Due to above reasons, a 
future work is to analyze the sampling method of the average current with 
the proposed vector sequence strategy in order to achieve high-performance 
for the battery charger system. 
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7.3.2 Optimal Circuit Configuration Consideration 
The proposed switch sequence achieves the voltage/current reduction 
each circuit configuration. The requirement of the battery voltage range 
based on CHAdeMO Association is from 50 V to 500 V. The isolated matrix 
AC-DC converters can be operated under a wide DC voltage variation to 
adjust turn ratio of the transformer. In DAB-type matrix converter, the DC 
voltage is adjusted by the boost and buck-boost operation against a nominal 
DC voltage. In boost-type and buck-type matrix converter, the turn ratio of 
the transformer is decided by the lower or higher DC voltage of the 
requirement, respectively. The total loss and current distortion increase when 
the lower of higher DC voltage compared to the nominal DC voltages of each 
configuration. In addition, the maximum transition power is limited under a 
low DC voltage in the DAB-type matrix converter. In order to achieve the 
higher power density under the wide DC voltage variation, it is also 
necessary to consider the optimum circuit configuration when the proposed 
switch strategies are applied. The loss analysis and harmonics analysis in the 
DC voltage variation is required to select the optimum circuit configuration. 
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